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PREFACE

The second Maurice Ewing Symposium was
devoted to the implications of deep arilling
results in the Atlantic Ocean. This subject
was chosen for two reasons. First, Maurice
Ewing was one of the leaders of JOIDES (Joint
Oceanographic Institutions For Deep Earth
Sampling), the association of oceanographic
institutions that was formed to organize and
sponsor drilling in the deep ocean, and which
has continued to provide scientific advice to
the Deep Sea Drilling Project. Second, the
first phase of International Program of Ocean
Drilling in the Atlantic was finished and it
seemed a good time to assess the implications
of drilling results in the Atlantic that had
been obtained over almost a decade.

During the time this volume was being
prepared, discussions were taking place about

Ra new initiative in oceanic drilling, in which
a drilling vessel with much enhanced capability

Jmight be used. The results presented in this
volume thus represent the base on which new
drilling plans can be built.

The Maurice Ewing series is based on papers
Ipresented at the Maurice Ewing symposia. Two

volumes resulted from the second symposium,
which was held at Arden House, Harriman, New
York on !arch 19-25, 1978. The symposium was
co-sponsored by the Lamont-Doherty Geological
Observatory, by JOIDES, and by the Inter-Union
Commission in Geodynamics. Financial support
for the symposium was provided by the G. Unger
Vetlesen Foundation, the U. S. Office of Naval
Research, and the U. S. National Science
Foundation.

Manik Talwani
William Hay
William B. F. Ryan
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MESOZOIC-CENOZOIC SEDIMENTLARY FORMATIONS OF THE -NORTH AMERICAN BASIN;
W ESTERN NORTH ATLANTIC

Luboniir P. Jansa

Atlantic Geoscience Centre, Geological Survey of Canada
Redford Institute of oceanography, Dartmouth, N. S., Canada

Paul Enos

State University of New York, Binghamton, New York

Brian E. Tucholke

Lamnont-Doherty Geological Observatory of Columbia University
Palisades, New York

Felix M. Gradstein

Atlantic Geoscience Centre, Geological Survey of Canada

Bedford Institute of Oceanography, Dartmouth, N. S., Canada

Robert E. Sheridan

Department of Geology, University of Delaware, Newark, Delaware

Abstract. Deep Sea Drilling Project sites in in the North American Basin are red or grey-green
the North American Basin penetrated Mesozoic and argillaceous limestones at Sites 99. 100 and 105,
Cenozoic sedimentary sequences of similar lithol- which are not older than Oxfordian. These sedi-
og,', age, faunal assemblages and petrographic ments were deposited in a deep bathyal environ-

- ~ compositioi. permitting the definition of six ment, near but above the calcite compensation
fornation.. These are in ascending order: the depth (CCD). Pelagic carbonate deposition above
C~at Cap e'otmation (Oxfordian-Tithonian grey-green the CCD continued into the Barremian, producing

__ limestone, reddish-brown argillaceous limestone, light--grey limestones. The CCD shallowed abruptly
and crlcareous claystone); the Blake-Bahama Farina- in the Barremian, and this was accompanied by
tion (Titho jan-Barreuian light grey limeszone and stagnation of bottom and intermediate water that
chalk); the Hatteras Formation (Barremian-Geno- developed euxinic conditions which extended
inanian black and green-grey shale and claystone); throigh the Cenoinanian. Bottom circulation was
the Plantagenet Formacion (Late Ce-imanian to re-established in the Late Cretaceous, but shallow
?Early Eocene vericolored zeolitic zlay); the CCD and lack of terrigenous input to the deep

-~ Bermuda-Rise Fo.mation (Paleocene to Middle Ea3cene basin resulted in deposition of pelagic multi-
c'eirt and s.iliceous-ooze); and the Blake Ridge colored clays. Maastrichtian limestone beds
Formation (Eocene to Holocene hemipelagic grey- within otherwise carbonate-poor variegated clay3
green mud with local mass-flow deposits). In indicate temporary deepening of the CCD in the
addition, the Crescent Peaks-member (M4aastrichtian North American Basin in the, Late Cretaceous-
nnnofossil marl) of the Plantagenet Formation and Pelagic and- hemipelagic clays were-deposited in

the Great Abaco Member (Miocene-mass-flow deposit-)' much-of the deep-basin durinpg the Paleocene,
-~ of the Blake-Ricige formation are-defined. The Cat followed-by accumulation of dominantly biogenic

Cap, Blatce-Babama,- an& Berczuda- Rise -Formations and siliceous deposits in the-deep basin -in-latest
the Crescenft TPeaks and Gieat -Abaco- Hemb-rs are Paleoc--ne through Middle Ltocene time. Mixed

t: ismically -mappable, with- thve formation -boun- siliceous-and calcareous-sediments accumulated on
dahrles-a roiae-correspoinding to-major seismic the shallower mid-oceanic ridge. Silica-dia-

re letr%( - A r espctiely -ith genesis- formed -prcelanieic cherts- in the upperU ~ ~ t wnten o t 'tantic- - LwrtalwrIiddle-Eacene-sediments, and 'these
The-- o Ide6str sedim-entarfy -rock-recov'red--by-DSD correlate with the-widespread seismic reflector



Es

Horizon AC. The Upper Tocene and Oligocene are 1978). The reader also is referred to a com-

represented by clays with varying amounts of plementary study by Tucholke and Miountain (this

biogenic silica and carbonate, together with volume) that synthesizes the depositional historv

locally important mass-flow deposits. Towards of the North American Basin based on seismic

the continental margin, sediments of this age are stratigraphy and its correlation with DSDP

missing because a major nr -Miorene un 3nformity borehole results.

overlies Lower Cretaceous tc Eocene sediments In studying the western Atlantic lithofacies it

beneath the continental rise. Except for cal- is evident that some biostratigraphic data pre-

careous ridge-flank sediments, deposition of sented in the Initial Reports are not precise, as

hemipelagic grey-green mud was predominant in the indicated by differing results of various micro-

North Imerican Basin throughout the Neogene and paleontological disciplines. There is a clear

continues to the present. The thickest deposits need for detailed compilation of the Mesozoic-

are Miocene and form the continental rise. Mass- Cenozoic biostratigraphy of the North Atlantic,

flows from the continental shelf and slope de- but in this report we have limited ourselves to

posited a massive blanket of Miocene carbonate minor revision cf the existing biostratigraphic

breccia (the Great Abaco Member) in the Blake- data.

Bahama Basin, and form flat-lying wedges of A subcoraiittee of the American Commission on

dominantly Pleistocene terrigeneous sand, silt, Stratigraphic Nomenclature (Wilson, 1971) recom-

and clay in the present abyssal plains, mended that formal submarine rock-stratigraphic

units be named for oceanic topographic features

Introduction which appear on published charts. They also

proposed that tl- term 'Oceanic' be used in the

The first step toward a lithologic synthesis of formal names of submarine formations. Although

the western North Atlantic Basin was undertaken by the latter procedure was followed by Cook (1975)

Lancelot er al. (1972) based primarily on Leg 11 in his pioneering definition of Pacific Basin

sites. More rigorous application of the prin- formations, we omit the term 'Oceanic' for the

ciples of continental rock stratigraphy to oceanic following reasons. Some deep-sea lithit units

sediments was demonstrated by Cook (1975) in a extend from the ocean basin onto the continental

study of the stratigraphy of the eastern Equa- margin and outcrop on land. Many formations

torial Pacific. outcropping on land, although not contiguous with

In the piesent paper, widespread Mesozoic and deep basin lithofacies, obviously were deposited

Cenozoic lithostratigraphic units irfied in in an oceanic environment and have strong simi-

the North American Basin during De TDrilling larities to known deep-basin lithofacies (Ber-

Project (DSDP) Legs 1, 2, 4, 11, 43, 44 are noulli. 1972; Jansa at aZ., 1978). AnotLer pos-

correlated on the basis of sediment c iracteris- sible source of confusion is the prior use of

tics, contacts, regional aspects, phys.cal proper- 'Oceanic Formation' for outcropping Tertiary rocks

ties. faunal content, and acoustic characters. on Barbados (Jukas-Brown and Harrison, 1891).

The data synthesized here (shipboard descriptions Comparable rocks have been penetrated during

of cores, smear slides, and thin sections; grain drilling in the western central Atlantic (Bader,

size; carbon-carbonate analyses; and X-ray miner- Gerard et ae., 1970). We therefore consider use

alogy) are from site reports and appropriate of a double terminology (land-based and ocean-

chapters of the Initial Reports of the Deep Sea based) confusing and inappropriate.

Drilling Project (Ewing. Worzel et aL., 1969;

Peterson, Edgar et ac-, 1970; Bader-, Gerard ot Structural Setting
aZ., 1970; Hollister, Ewing er al., 1972;

Tucholke, Vogt et al., 1979; and Benson, The North American Basin (Fig. 1) is a large

Sheridan Ft a., 1978). Data from other, spec- bathymetric depression centered on the Bermuda

ialized studies are cited in the text. Critical Rise. The Sohm Abyssal Plain and the Hatteras

intervals of cores were re-examined at the East Abyssal Plain lie north and west of the Bermuda

Coast Core Repository and studied in thin sections Rise respectively and the Nares Abyssal Plain to

and smear slides. Scanning electron microscopy the south, with the Blake-Bahama Abyssal Plain

was used to study composition, diagenetic alter- adjacent to the basin margin on the southwest.

ation. and porosity. Comparisons with marginal The ayis of maximum depth-runs northeastward about

basins are based on a study of the subsurface halfway between Bermuda and- the Mid-Atlantic

Mesozoic of the Scotian Shelf and Grand Banks by Ridge. The North American Basin is confined on

Jansa and Wide (1975a,b), on studies of the U.S. the north by the Nevfo ndland Ridge and contin-

Atlantic coastal plain--and of the COST B-2 well ental margin, on the south by the Antilles and

located off the-New Jersey coast (Schlee al al., Barracuda Fracture Zone, on-the east by the-Mid-

1976; Smith Ft a., 1976)- and-on brief recon- Atlantic Ridge, and-on the west by the North

naissance -studies of -exposed- esozoic sections in American connental-margin. Water depths in- the

oroo. southern Spain, souithern france, "id- entral basin, with the-exception of--the--Bermuda

northern Italy by Jansa A-complementary-study- Rise region,.generally exceed 5000 m. -

synthesizes lithofacies recovered-6o DSDP Leg 41 The North American Basin, -excluding the -iid-

in the eastern North Atlantic -(Jansa et al., Atlantic Ridg andPuerto Rico Trefh, is--i.
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Methods Figure 24. The regional distribution of the
formations is shown on maps (Figures 3, 8, 10, 12,

The parameters most useful for recogniZing and 15. 18 and 20) and in a schematic cross-section
correlating the lithologic sequences are color, (Figure 22). Sedimentologic parameters for each
inorganic and organic constituents (especially iormation are presented in Tables 4, 6, 8, 1", 12,
calcium carbonate, silica, and clay mineral con- 14, 17, and 19.
tent). bedding, sedimentary structures, and bio- The biostcarigraphic framework resulting from
turbation. The upper and lower contacts of detailed analysis of several microfossil groups
defined lithojogic. units have been identified in provides valuable auxilliary information in
all studied sites. If formation contacts were lithastratigraphic studies of deep sea sediments.
not cored at the proposed type section, other In the North American Basin, nannofossils and
sites of the same unit are used to define the foraminifers contribute to age determinations for
contact (boundary 3trztorype). After lithologic much of the Jurassic th -ough Quaternary; radio-
units are iefined at individual site.-, corr~lation larians are especially helpful in the Tertiary,
and mapping of units is attempted between s.tes. dinoflagellates are important in the mid-Cretaceous,
This requires enough borehole control and seismic and crinoids, caipionellids and almlonites are
reflection data to establish the continuity of useful for the Upper Jurassic.

=units. Since drill sites are widely separated, A compilation of multiple biostratigraphy based
the seismic reflection information is especially on published literature was made in the North
important in mapping the extent of reflecting American Basin where lithostiatigraphic type
1Eorizons. Although seismic sequences do not al- sections are defined (Figures 7, 9, 13, 14, 19,
ways correspond to lithostratigraphic units and 21). The consensus of ages is broad compared
throughout the basin, certain consistent cor- to detailed bio- and chronostratigraphy in some
relations between lithologic changes and major Cretaceous and Cenozoic land sections. A major
reflectors ju-tify use of seismic data as a limitation in oceanic sediments is the relative
mapping tool. paucity of the calcareous fossils that result from

The bulk of the Mesozoic and Cenozoic sediments dissolution of calcareous tests with increasing
cored in the North American Basin are subdivided water depth.
into six for: ations for which formal stratigraphic Detailed age interpretation for Jurassic and
names are herein proposed. Data concerning loca- Lower Cretaceous sediments is hampered by lack of
tion. thickness, depth of boundaries and core agreement between individual interpretations and
recovery of the stratotypes are summarized in this is the main reason that resolution is not to
Tables 1 and 2. Some of these units have been the stage level.
recognized by Lancelot etaZ. (1972) as distinct Two factors cause some confusion. The-;e are the
lithofacies. The lithology, age and depositional equation of Lower Tithonian and Upper media
environments of the formations are summarized in which results from improved correlation of Boreal
Figure 2. Detailed data concerning lithology of and Tethyan armmonite assemblages (e.g. van ilinte,
Individual cores, age, formation boundaries, cor- 1976). This necessitates revision of previous
relation of the lithologic units between sites and Kimmeridgian/Tithonian boundary interpretations.
position of seismic horizons are summarized in such as those In DSDP Leg 11 Sites, but the new

IAXRLE .rricazs(ATTYPES Plazl~EoCcFRAIS A10 IWM3ES OF THE NORT'- AM'ERICAN WAIX. IJESITMS 7MI ATLA7CTIC

unit Sa oiratit'ooy Type Localitv (strazttmel Date eater Bottom Thickness Core Cr eoe
Leg Site Psition, Drilled Depth Hole Depth ZCood Recoverd

Latitude Losgit,,de W~ We W= (m)

slake Ridge Hem1pelagi-C City- 11 10-6 &36'26.0'N 69*2.7*U 2.6Sy40 02 6- 6. 31 6-.
__Formation, green, Mud 1063 2026M 10 1012 91 31 6. .-.

Great Aba:o Intraclastic Chalk 44 391A 28-13.7-H 75'36.91%; 2-22 SeCPT 4963 1.12 50 10. 6.6 13
7lee 1975

Rer=esia Rise Chert and Silice-u f3 387 32*19.211 67'40.0-W 1-7 Ang 5117 794.5 152.01- 29.1- 21.!- 19.0-21.6
Formatio O.oc 1975 220.4 -7.7 33.1

plantaZcrsL., Variegated Clay 43 386 31*11.2*5 "*16.9-l 24-31 July 4782 973.8 92.3- 46.0 72.2 41.3-49.8
For=atia19$11.

Crescent Peaks Chalk 43 387 3Z*19.2'9 67'40.0'W 1-7 Aug -5117 794.5 25.2 6.8 43.1 27.0
Member 1915

Hatteras black Carbonaceous 11 !05 34*53) *X 69'10.4*1 13-19 nay 51-51 633 113.2 44.0 66.5 39.9- _
Foreazion Cla, and Shale 17

biake-3.aten Crey and vhite 44 391C 81 H7536.9'C 2-22 Sept 4963 1412- 325.z- 150.4 50.9 44.9L44.3
Formation Limestone 95347

Cat cap Red CUaTe 11 105 34*53 2'; 69*10.4'W 13-19 Kay 5251 633 62.4 42.1 67.S 67.$
Foutin - Limestone =1970 -

-Transiional lioutr- boundar
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TIME FORMATION AVERAGE ~ ' -
AGE COLOR LITHOLOGY 1

MyDOM INANT L ITHOLOGY) CaCO3 L

i.,'

BLAKE RIDGE (heriipelegic silty
PL~IOCE.NE clay, mass-flow deposits).

Type section Site 16

NIO0CENE (italsi Mal~ra laoreImbar greenish-grey, --

chU grey-green, brown -

DL IGOCUEEJ? . -

N.~OEN BR'UD IS (lieos la- dark greenish-grey, A -
M. BRDARS lcosEENE cly A1!rY A A

E.ECEE stone chert.) Type section ovegey I 1- 1-15
SEt EOCE. yellowish brown '~A '

PALECCENE Ia0
IAS~CHTIAN- cEiN E~ EI white, light grey II

CAMPANIAN rcddiSh-brown, yellow, -Z

I PLANTAGENIET (variegated clay. ) orne le-re -

I Type section Site 386. j C
L. CENOMANIAN org.

CENO0MANIAN HATTERAS (carbonaceous black. dark grey,- -/

claystone, shale.) Type olIive-black, dar 4.
. PA4- scinSite 105. greenIsh grey

BARREP.IAN

BARREMIAN -

BLAKE-BAIAlA (limestone, light to greenish grey,
chalk, marl, ciiert.) Type white, oale yellowish
section Site 391C brown

LATE TITiIO'IAN

ERLY TIT11ONIAN- A'GPreddi ,h-brown. dusky,-
tI.~~mE ~ CA' GA (argillaceous Imestone, iks e.Ne I~

OXrORDIAN marl.) Type section Site 105. arr/eis-- S

? % %ORGANIC nx

Figure 2. Schematic characteristics of sedimentary formations in the North
Amearican Basin, defined in the present paper. For lithologic symbols
explanation see Figure 24.

Ainformation should be evaluated in the contex of metres. Occasional discrepancies may occur
-wotk Ibased on other fossil groups. Second, dis- betw~een our report of core numbers and depths and
crepancies occur between the age interpretations those listed in the Initial Reports. This results

Tgiven in the DSDP site reports (basically the from errors in the Initial 'eports, and shifting
result of shipboard studies) and the later bio- of cores in liners after shipboard visual descrip-
stratiguRphic stuc ies of the Initial Reports or tions and prior to or after core photography. In
other publications. Where discrepancies occur we each case, we have consulted original data pro-
have -favored interpretations in the sopecial vided by the Deep Sea Drilling Project to obtain
p aleontolozic studi-as. accurate information.

Cores from-fall drill-sites in the North American
Basini including type-sections, are stored at the
DSDP-East Coast Core Repositori7, -Lawmont-Doherty- Definition orf-Formations
Geoloigical Observaroey, -Palisades, -New York., The
-6onvefatiofi used-hbere-in-discusz-Thg-DSDP -cores-i Mesozoic_ Cenozoic ;formations of the North Amner-

to 11§r -core(-sctlon, -depth- widiin- the cqre i' -!-cn Basin--are described beo in ascending strati-
core-40:1-, 120--cm). -Siib.seafloor depthrs zdre ini gr-Ephcodr

6 JANSA-
IV



Cat Gap Formation ties in the limestones and as minor components in
some of the more clayey beds (Table 4). The

Reddish-brown, brick red, light green, and organic carbon content averages only 0.11%.
greenish-grey clayey limestones interbedded with Average porosity of sediments is 38%. Colors
reddish calcareous claystone characterize the Cat include dark reddish-brown (10R4/4), pale red
Gap Formation. The type section is Site 105 on (IOR6/2), light green, and various shades of grey
the lower continental rise southeast of New York (5G6/2,N7,N4). The red color characterizes the
(Figures 1 and 3, Tables 1 to 3). The formation more clayey beds, grey and greenish the more
also has been sampled at Sites 99A, 100, and 391C. carbonate-rich beds. Hematite is the main source
The name is derived from the Cat Gap Channel near of red pigmentation (Lancelot et o.., 1972). The
Sites 99A and 100, where the formation was first commonly patchy occurrence of grey-green colors is
penetrated. associated with burrows and bedding planes (Fig-

ure 4A) in which the iron is reduced. 1uch of the
Type Locality. The type section, Site 105, is claystone and some of the limestone is faintly

62.4 m of clayey limestone and calcareous silty laminated to fissile. Sometimes the beds are
claystone in which the carbonate content decreases slightly undulatory with development of incipient
downward from 54% (559.8-570 m sub-bottom) through nodular texture. The current bedding is rare.
29% (570-600 m) to 20% or less (600-622.2 m). The Elsewhere, burrow mottling is pervasive. Cyclic
clayey limestone is a mixture of neomorphic micrite units containing intraclastb (pebbles) of pelagic
and clay minerals (mica, montmorillonite, and red clay or white limestonc, overlain by graded
kaolinite or chlorite traces). Quartz, zeolites, sand and silt and burrowed red clay in an upward-
pyrite, and heavy minerals occur in trace quanti- fining sequence (Figure 4A) were interpreted as

W" T- 6. pelagic turbidites by Bernoulli (1972). Deforma-
tion ranges from small scale folding and faulting
to major disturbances interpreted as slump struc-5CAGA tures. Beds are typically almost horizontal, and

CA GAPFORMATION there is no indication of unconformities.

- Microfossils of the Cat Gap Formation include

*5 0 CATGAP FTYPESCTO -4V well preserved nannoplankton, a sparse to rich
DITIBTO OF HORIZO C I foraminiferal fauna (simple arenaceous foramin-
5S SSftB / ifera, lagenids, epistominids, and primitive
THK.NSS IN SECOND miliolids), poorly preserved radiolaria, calcis-

............ AN M"UCS -" I phaerulids (Ca4osi n ), ostracods, and dinoflag-
6- SS . ellates. Macrofossils include debris of the pel-

- 05 1 agic crinoid Saccocoma, echinoderm fragments,
I pelagic bivalves (filaments), aptychi, rhynchol-
A. BRMDAites (ammonite beaks), barnacle parts and fish

debris (Luterbacher, 1972).
i. J, J The Cat Gap Formation at Site 105 can be sub-

, divided into a filaments microfacies (cores 40 to

37) and a Saccocoma microfacies (core 36 through
core 33). The filaments microfacies (Figure 4B),
which directly overlies basalt, is a variably

=7 - to argillaceous biomicrite to calcareous claystone

0 GAP containing nannofossils, filament-like pelagic
9 bivalves, foraminifera, ostracods, ammonite aptychi,

radiolaria molds, rare Saccocoxra, and fish frag-- ments. In the upper part of the micrdfacies.
20 20 short filaments and the calcisphaerulids (Cadosina

" o fibroao) are present. The S7aceoeomv, microfacies
/1o (Figure 4C) differs from the underlying filaments

microfacies by the occurrence of the pelagic

Fu 3. crinoid Soa oioa, the rarity or absence of fila-
S To- 6W ments, and somewhat higher average carbonate

Figure 3. Boreholes that have cored sediments content (34% vs. 23%).
of the Cat Gap Formation. Formation
thickness (metres) in parentheses. Contacts. The Cat Cap Formation at Site 105
Seismic Horizon C correlates approxi- directly overlies basalt (Table 3, Figure 24).
mately with'the top of the Cat Gap This type of contact is typical only of the
-Formation; boundaries -indicate mapped eastern pinch-out of the formation against base-
pinch-out-on basement and easternmost ment. Nearer the continental margin, seismic
occurrence of Horizon-C in basement reflection data indicate that the Cat Gap Forma-
pockets; The eastern formation bound- tioh overlies older sedimentary units not yet
ary -lies -between magnetic anomalies drilled (Figure 22). Thus we cannot define a
M-25 and-M-22. lower boundaty stratotype. The upper contact is
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transitional for about one metre from reddish- with only a few dark greenish-gre layers (cores
brown clayey limestone upward to light-grey chalky 54 through 50) and over'lying light-grey limestone.
limestone with a few pinkish or light-red inter- The uppermost occurrence of red clayey limestone
vals. The contact is placed at the uppermost at 1326 m (Table 3) is taken as the top of the
occurrence of the dominantly reddish coloration formation. Fossils and burrows, including Chon-
and at a distinct change in lithology and bulk drites, are more common in the upper part. Radio-
density. larian molds replaced by sparry calcite, calcis-

phaerulids, chitinous shell debris, and rate

Regional Aspects. Similar reddish-brown marls foraminiiera occur in dddition to nannofossils
_ and limestones were penetrated in the southwestern which are fairly well preserved throughout the

part of the basin at Sites 99A, 100 (Hollister, formation. Calpionellids were observed in thin
Ewing et aZ., 1972) and 391C (Benson, Sherit'an sections in core 46:1, and Nannoconus is common in
et aZ., 1978; Figures 3, 22). Compositional core 49. The carbonate content averages 41.6% in
variations are summarized in Table 4. the lower part of the cored sequence and 67% in

At Site 99A reddish marl alternates with the upper 47 m. Up to 35% aragonite also was
dominant white and greenish limestone and marl, detected in the lower part.
but core recovery was very poor. At Site 100
where the formation overlies basalt, the lower Acoustic Character. The top of the Cat Gap

part of the Cat Gap Formation is relatively homo- Formation is correlated with a reflector below
genous greenish-grey argillaceous limestone with Horizon 8 at Sites 100 and 391C (Figure 5, Benson,
some brownish-grey (5G7/1) and pale red laminae in Sheridan et al., 1978). The reflector, named
the lower part of the sequence (Table 3). This Horizon C by Sheridan et aZ. (1978) shows lateral

part of the sequence was designated as a separate gradations in reflectivity and is locally more
unit by shipboard geologists (Lancelot et aZ., prominent than Horizon 8 (Figure 6). Associated

7 1972), on the basis of color and high carbonate reflectors occurring within 50 m of Horizon C are
content averaging 66%. highly variable in intensity, perhaps indicating

The upper part of the formation at Site 100 is lateral changes in lithology near the contact with
__ a reddish, laminated, locally burrowed, clayey the overlying formation. This is supported by

limestone with greenish-grey intervals. Current- similar lateral changes in internal velocity (Fig-
produced bedding, minor slump structures, and ure 5). At Site 105, there is no clearly defined
small clasts of lithified white pelagic mud occur reflector correlating with the top of the Cat Gap
near the top, together with several beds of chert. Formation. The site was drilled on top of a
Slumping may be related to the site location on basement swell, and deep reflectors lap onto the
the deep flank of a basement peak, which is evident swell and pinch out at the site. The formation is
in a seismic profile across the si," (Hollister, so thin in this region that it might not be
Ewing et aZ., 1972). resolved by the long wavelength, low frequency

The presence of rare pelagic bivalves in the (25 H) seismic data.
lower greenish-grey subfacies suggests that it Is Most of the available seismic reflection data
equivalent to the filaments microfacles at Site 105, linking drill sites near the continental margin
despite the difference in color. Pelagic bivalves are conventional single-channel, acquired with a
in core 7 resewible "short" filaments. The tpper 20 inch 3 airgun sound "urce. These records do
part of the tormation at Sice 100 (cores 2-o) is a not clearly define deep reflectors In the thick

- poorly developed Sace.com microfacies, and the continental margin sediments so t.at detailed
microfacies separation is less distinct than at seismic correlation between these .ites is dif-
Site 105. Other fossils scattered through the ficult. A few recently obtained multichannel and
formation include echinoid fragments, plant frag- large airgun reflection profiles in the basin
ments, ostracod%., ammonite aptychi, nannoplankton, (Grow and Markl, 1977) do show Horizon C over a
silt-sized foraminifera, GZobochaete, calcisphaer- wide area and this reflector can be traced to

ulids. and rare chalcedony-replaced radiolarians. sites 100 and 105 from Site 391.
A somewhat different development of the Cat Gap Acoustic basement underlying the Cat Gap For-

Formation occurs in the Blake Bahama Basin at mation-at Sites 100 and 105 is oceanic Layer 2.
Site 391C4 as the Saocolooml and filaments micro- The Cat Gap Formation overlies older crust at

fa(ies were not observed. Here only the uppermost Site 391C and a general eastward onlap of re-
86 m of the formati-n was-penetrated before the flectors onto acoustic basement throughout this
hole was abandoned (Table 3 . Seismic data indi- region results in a variety of prominent reflec-
care that more than 400-m of sediments lie between tors appearing within or below-the Cat Gap Forma-
tne bottom of the hoie and basement (Figures 5, tLion at this site.
22). The upper 45 m of the cored interval (cores In situ compressional wave velocities of sedi-
49 through 45) is alternating greenish-grey ments comprising the Cat Gap Formation are depen-
(5G4/I) or white (N8) limestone, pale red clayey dent on the thickness of sedimentary overburden as
limestone (25YR6/2), and dark reddish-brown well as the physical character and composition of
(5YR3/2) and olive-grey (5Y6/1) calcareous clay- sediments. At Site 100, where overburden thick-
stone. These form a broad transition zone between ness is about 238 m, interval velocity calculated
underlying dark reddish-brown clayey limestone from reflector-borehole correlation is 2.3 km/s
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(Hollister, Ewing et at.. 1972). At Site 391C the facies of ti.e Cat Gap Formation is considered
average value of shipboard measurements is 2.8 km/s probable. Site 105 was drilled on the eastern
(Benson, Sheridan et al., 1978), but this figure side of anonaly M-25, and site 100 is located in

is lower than in situ values of 3.4 to 4.3 km/s the Jurassic magnetic quiet zone just older than
(Figure 5) beneath 1326 m of overburden. Cat Gap anomaly M-25 (Larson and Hilde, 1975; Schouten and
Formation interval velocity at Site 105 is un- Klitgord, 1977). These age data tend to confirm

known, but is probably higher than the 1.8 km/s an Oxfordian age for M-25, as suggested by Larson
value calculated by Hollister, Ewing et al. and Hilde (1975) and van Hinte (1976a,b).
(1972) for the thicker iLterval from Horizon 8 to Sedimentary rocks with common occurrences of
basement. Sancocoma in the Mediterranean region are gener-

etrally assigned to the Kimmeridgian-Early Tithonian
Age. The age of the Cat Ga Foruation at the (Gonzales-Donoso et al., 1971; Lehman, 1972; Azema

type locality (Site 105) was broadly interpreted et al., 1974; Kuhry et al., 1976). Based on
to span the Oxfordian-Tithonian (Figure 7). An microfossil associations at Site 100, 105 and
Oxfordian-Klmmeridgian age was established for 391C, an approximate Oxfordian age for the fila-
Sites 99 and 100 (Hollister, Ewing et al., 1972) mntmirfesadaKmrdgnErl~ments microfac~es and a Kimmeridgian-Early

and at Site 391 the cored part of the formation isnTtoin(itr9;BnoTithonian age for the Saccooma microfacies are[

Late Kimmeridgian-Tithonian (Figure 9; Benson, indicated.
Sheridan et al., 1978).

A The basal greenish-grey subfacies of tne Cat Gap Depositional Environment. The depositional
Formation at Site 100 was considered by Hollister, environment of the Cat Gap Formation can be in-
Ewing et al. (1972) to be Callovian. The lowest ferred from sediment composition and texture and
twc sedimentary cores (9 and 10) contain Bathonian, from composition and preservation of the fossil
Callovian, and Oxfordian dinoflagellates (Habib, assemblages. Coarse terrigeneous detritus is
1972). The calcareous nannoplankton in these absent. Fine quartz silt, mica, and clay minerals
cores are Callovian or Oxfordian (Hollister, Ewing were probably transported in suspension from
et aZ., 1972), but according to Thierstein (1976; distant shelf sources. Plant debris and kaolinite
see also Larson and Hilde, 1975) the nannoplankton at Site- 100 suggest contributions from continental
may be restricted to Oxfordian. sources, possibly by turbidity currents through

The association of pelecypod filaments, proto- Cat Gap. Redeposited pelagic sediments at Site
globigerinids, Globoch-ete, ammonite aptychi, 100 and 105 are attributed to slumping from local
calcisphaerulids, and minor Saccocoma is charac- topographic highs.
teristic of the Oxfordian in the western Mediter- Both the foraminiferal and ostracod assemblages
ranean Jurassic (Azema et al., 1974; Kuhry et al., suggest a bathyal environment (Luterbacher, 1972;
1976) and a similar age for the filaments micro- Oertli, 1972), but the environmental significance

Figure 4. Cat Gap and Blake-Bahama Formations.
A. Clayey reddish-brown (1OR 4/4) limestone, evenly bedded with thin

i(light colored) greenish-grey (5G 6/2) laminae, and burrow fillings.
Prominent bed of graded detrital carbonate at 117 cm. Note the dif-
fuse boundary between green and reddish-brown zones, Cat Gap Formation

K5 (Leg 11-105-38:3, 99-124 cm).
B. Filaments microfacies, with thin shells of pelagic pelecypods (F) and

Mcalcisphaerulids (Stcninsphaera-C). Thin section, ordinary light,
scale bar = 1 mm. Cat Gap Formation (Leg 11-105-37:1, 29 cm).

C. Saecocoma microfacies, composed of fragments of pelagic crinoids (S)
displaying syntaxial calcite overgrowth, radiolaria replaced by sparry
calcite, and hematite-stained argillaceous micrite (thin section,
ordinary light, scale bar = 1 mm). Cat Gap-Formation (Leg 11-105-33:4, 55cm).

D. Light-grey (N 7) nannofossil limestone, with thin bed of greenish-grey
clay (5G 6/1), indistinctly laminated and bioturbated. Microstylolites
are concentrated from 85 to 90 cm- Blake-Bahama Formation (Leg 44-391C-
42:3, 76 to 101 cm).

E. Chalky limestone, light greenish-grey (5G 8/1), nonlaminated and
heavily burrowed; interbedded with finely and evenly laminated darker
zones of olive grey (5Y 4/1), soft clayey limestone. Contacts are
gradational :Blake-Bahama Formation (Leg 11-105-28:1, 99 to 124 cm).

F. Intraclast of light-grey micrite containing calpionellids (C) and
sparr>-calcite-replade-..Radiolaria, en-ciosed ibrownish-stained
blomi2rite -(thin section, ordinary light, scale bar = 1 mm). Near
-base of he -Blake-B hama Formation (Leg 11--10532:1- 130 cm)-.

-~~~; -Scannir electron-tiirograph-of chak 4Imes tobnea* h opo
Blke -Bahama- 6rmation -(Leg II-105-17:'l 71 cm)-. Note--fragmented -

-tharac-er and -orr61s-of some -6f the-n-annof6ssilis -d high porosity
ii if the-s dIment. S 1a elar- l -.Iim.
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WEST ILOMETRES EAST Site 100, 10 m/m.y. at Site 105, and 14 m/m.y. at
,0 391C. These rates, sediment composition, and

1 sedimentary structures all indicate that the Cat

ELAKE ;LATAU I Gap Formation was formed by pelagic deposition,
occasionally interrupted by bottom cuizent, slump-

R/V CONRAD MCI ing and turbidites.

I I Identifying Features. The Cat Gap For t on i

SI BAN6S/ j identified by its reddish-brown color, intercal-
8'sn' ations of pelagic clayey limestone and calcareous4 Hga bolc SITE

l1Rtfljtd$ol 391 claystone, occurrence of incipient noddlar tex-

. ._ ,94-4-_ tore, and presence of the seismic Horizon C near
1 2(2 2 2 50 the top of the formation.

4t235 6 ________ __

325 3 Correlation with Other Units. A lithofacies
I ---- ZTD similar in color, composition and fossil assem-

AQI blage to the Cat Cap Formation was penetrated in
the Cape Verde Basin (Site 367, Lancelot, Seibold

81 .et al., 1978), indicating similar development of

- - - " the Upper Jurassic sequences in the eastern North

Atlantic (Jansa et al., 1978). The top of the red

Figure 5. Line tracing of R/V Conrad multichannel marly limestones there forms a widespread reflec-

profile MCI through DSDP Site 391 (modified tor which Lancelot, Seibold et al. (1978) have

from Sheridan et aZ., 1978). Location in designated reflector C.

Figure . Reflectors are discussed in The lithofacies along the North American outer
Figrext. yperboieflectors a a discssshelf that are time-synchronous with the Cat Gap
ext. Hyerbirefors aaetla shnralw Formation are shallow-water carbonate banks of the

depth are diffractions apparently generated Abenaki Formation on the Scotian Shelf (Jansa and~from rills created in the M reflector by
frotom-r cret ersin theorerfltor bWade, 1975), unnamed carbonate sequences of the

boto-urnterval velocities (km/s) derived Great Bahama Bank (Meyerhoff and Hatten, 1974) and

erosion. u teal velocitinlyes (ksd d seismically identified carbonate banks off the New
frm mticn vropsseocitey nalysead Jersey coastal plain (Schlee et al., 1976). Pos-

sible clastic equivalents are nonmarine deposits
lines. Velocities under Site 391 were

on the New Jersey coastal plain and continental
calculated from reflector/borehole corre- shelf (Perry et at., 1975;- Smith et al., 1976),
lation. and fine-grainedmarginal-marine clastics (Mic Mac

Formation, Mclver, 1972) of the Scotian Shelf and

of these faunas is still poorly known (Funnel, Grand Banks (Jansa and Wade, 1975a). Some of the

1967). The foraminifera are predominantly primi- shales of the Mic Mac Formation and an unnamed

tive and arenaceous forms, and the ostracods are clastic sequence at the base of the COST B-2 well

dwarf and larval forms. Only isolated protoglo- in the Baltimore Canyon Trough are highly oxidized

bigerinids were found at Sites 100 and 105. and reddish colored, but none of the deeper, outer M

Ammonite aptychi are relatively common but phrago- shelf sediments show a similar high oxidation

mocones and casts of shells are exceptionally state (Jansa and Wade, 1975a; Jansa et aZ.,

rare. This suggests that deposition was below the 1976). a
iragonite compensation depth (ACD), but relatively Bernoulli (1972) compared the reddisn-brown

common aragonite at Site 391C indicates that argillaceous limestones of the North American
i deposition occurred near the ACD. Luterbacher Basin with the Alpine Ammonitico Rosso facies and}(1972) noted that at Site 105, light-colored -the Rosso-ad Aptici variant of the central Apen-

clasts of shallower water origin (probably from nines and westerfi-Greece. The Rosso ad Aptici is

adjacent highs) were incorporated in the red a red, green, and grey nodular marly limestone and

mudstones (Figure 4F), which were probably de- marl of-Toarcian-Aalenian (Early Jurassic) age.

posited-near the CCD. Deposition near the CCD The basinal character of this formation is indi-
(Figure- 23) is also indicated by the low carbonate cated by intercalated slump eutuplexes and tur-
content (14-20%) of cores- 38- to 40 at -Site 105; bidites (Bernoull-, 1972) and in this respect it

Assuming Jurassic-ridge-crest elevations similar is the closest analogue of the Cat Gap Formation

to those of today, the eastern -eaches-of the Cat of -the North Atlantic. The Ammonitico Rosso

Gap Formation (i.e. that part which- has been facies, indicative of pelagic deposition over
drilled) were deposited in a batbyal environment. -topographic highs- (the swell facies of Bernoulli -

Toward the west deposition may have been on an and Jenkyns, 1974), differs considerably from the

older, presumably deeper- sea floor, but this has Cat Gap-Formation by the:itondensed nature of these

to be proved by future deep drilling in -the conti- deposits, the -presence -of- nonsequences at the base

nental margin. and within-the-Ammonitico Russo, the presence of

Sedimentation rates of -the Cat Gap Formation hard grounds, ferromangdnese crusts and coatings,

(uncorrected for compaction)- are about 8 m/m.y.- at -and-the frequent occurrence of worn ammonites.
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Figure 6. Processed segment of multichannel seismic reflection profile MCI near
Site 391 (from Sheridan et cZ., 1978). Distance coordinates in kilometres
same as in Figure 5. Segment processed with common-depth-point gather,
velocity analysis, normal-move-out correction, 24-fold stacking, and titne-

3variahle gain. The upper data suffer from ringing that is removed in the
lower data by deconvolution. Reflectors are more easily identifiable in
deconvolved data.

Bl-ake-Bahama Formation grey (5Y4/1) calcareous clay and greenish (5G6/1

to 5G4/1) calcareous shale in well defined layers
The light-grey, white and dark grey limestone 2 to 3 cm thick and in wispy partings spaced abour

sequence that overlies the Car Gap Formation and 10 cm apart (Figure 4D). Very thin intervals ofUis overlain by dark grey and black carbonaceous millimeter-thick laminated grey calcareous mud-

shales (Figure 2) is here named the Blake-Bahama stone are interbedded in the upper 40 ts. TheIFormation. The type section Is at Site 391C bioturbated clayey limestones are white (N8) to
(Tables 1, 2 and 5, Figures 8 and 24) in the Blake- light bluish-grey (OBVA) and contain some stvlo-
Bahama Baqin. The lithostratigraphic identity of l-ites and many calcitized aind pyritized radio-
the Blake-Bahama Formation was recognized by larians . The middle subunit Is 96 m of alter-
Lancelot e't al. (1972, p. 918), who described it nating (1) millimetre-thick lam nated light grey
as "Titthonian-Neocomian white and grey limestone". to olive grey or very dark grey clayey limestone,

(2) light bluish-grey-biotuibared clayey lime-
ype Locality. At Site 391C, the type locality, stone, and (3) black to very-dirk grey calcareous

326m of interlayered lithofacies range from 4-aystone. These three litholo-ies alternate
ALnearly -pufr -Jiesibni (74 to 96% caldife)- through every 5 to 100 cm without any apparent systematic
Mmarly limestone (45 to-69%) and sandy -imestones, order. The uppermost subunit, 123 m thick, is

to calcareous claystone (16 to 32%). These litho- characterized-by sandy limestone-and calcarenite
facdes are grouped into three §U-bufilis. The basal beds up to 1-m-thick, with-thin-interbeds of-

107 m is bloturbatd -clayey limestone-with olive- cross-laminated clayey limest~ne. Light-grey-

-_ JNSA 13
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70. 6 contain finely disseminated organic debris, fre-

M quent pyrite, and fine quartz silt laminae. The
/ average porosity of the sediments is 22.5%, and

the average organic carbon content is 0.3%.
SLAKE-BAHAMA 70Rw"rIoN

Contacts. Both the lower and upper contacts of
0k.!' Fit * I the Blake-Bahama Formation are gradational at the

,, - type locality. The top of the Cat Gap Formation
grades into the Blake-Bahama Formation over an

T"WS I s i interval of 45 m. As defined earlier, the tran--
MtC AA., , S *sition zone occurs within the Cat Gap Formation so

, that the Cat Gap contains interbeds of light
-- bluish-grey limestone, together with character-

istic reddish-brown and greenish-grey clayey
EL ::=: limestones and calcareous claystones that increase

' . in abundance downward. The boundary of the Cat
-"Gap an, the Blake-Bahama Formations is defined at
"~ the first downhole occurrence of reddish-colored

U beds (Table 5). At Site 105 the lower transi-
! \ -tional zone is only a few metres thick, and this

is proposed as the Blake-Bahama Formation lower
S--boundary parastratotype (Table 2).

.4 t- The top of the Blake-Bahama Formation grades
.3- . 9 9 _ M into black claystone over an intermittently cored

interval about 100 m thick in the type section, at
A ,Site 391C. The boundary is placed between cores

_ .. 13 and 14, above which the limestone is subor-
2 -- " dinate to dark claystone beds. A boundary para-
-- "stratotype is defined at Site 105 (Table 2) where

- -_ - although the contact is again transitional over a
! few metres it is more clearly defined than at _

Site 391C.

Regional Aspects. The Blake-Bahama Formation
Figure 8. Boreholes that have cored sediments of was cored at seven other sites in the Cat Gap

the Blake-Bahama Formation. Formation area, the Bahama Outer Ridge, the lower contin-
thickness (metres) in parentheses. ental rise, and the Bermuda Rise (Figures 8, 24,Horizon 6 correlates approximately Table 5). At Site 387 on the Bermuda Rise the
with the top of the Blake-Bahama lime- formation rests directly on intrusive basaltic
stones; the eastern boundary indicates basement (Tucholke, Vogt et at., 1979). At
mapped pinch-out on basement (after Sites 99A, 100 and 105, as at Site 391C, it
Mountain and Tucholke, 1977),-near the directly overlies the Cat Gap Formation (Figure
magnetic anomaly M-11. This anomaly 22). Lithification decreases in the Cat Gap area
has been interpreted by van Hinte (Sites 4, 5, 99A, 100) where the formation is near
(1976) to be Valanginian in age. the present sea floor because strcng bottom

currents have never allowed accumulation of
limestone and dark grey mudstone (several centi- overburden thick enough to cause consolidation of
metres thick) are interbedded with these elastic the sediments. The formation is represented here
lithologies. Scour-and-fill structures are common by nannofossil oozes and chalks, containing rare
in this interval, beds of quartzose and porcelanitic chert (Holli-
The BLake"Bahama Formation limestones at the ster, Ewing et al., 1972).

type lozality consist of micritic calcite, clay At Site 387 on the Bermuda Rise the Blake-Bahama
minera]s (Table 6), and poorly preserved nanno- Formation consists of alternating layers similar
fossils (Figure 4G). They contain abundant casts to those described at the type section, except
of radiolarians replaced by calcite or pyrite. that the darker limestones contain appreciable
Calpionellids and calcisphaerulids are locally siderite and dolomite, quartzose chert is common,
common and foraminifers are rare. Ammonite and no sandy limestones are present. At Sites 101
aptychi and fish debris are-present in some of the and 105 the alternating layers are reduced to a
calcareous-claystoneIafminae.- Clastic intervals simple couplet of () hard, white to pale-grey,
of the upper subunit c6ntain-benthic foraminifers bioturbated pure micritic limestone (Figure 4E),
and fragments of other benthic- fossils; Mono- and (2) soft, dark greenish-grey, laminated clayey
crystalline-quart-z)mi-erclin, :orthoclase, limestone. Light-colored -limestone layers pre-
plagioclase, abraded ooids, and wo6d fragments are dominate--in the lower part of the formation
components of the_-clastic limestones (Fteeman and whereas dark-grey beds with frekuent zeolites,
Enos, 1978). The dark4grey-calcareous claystones became progressively more abundant upwards and are
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TABLE 5. GEOGRAPHIC DISTRIBUTION OF THE BLAKE-BAHA.MA FORMATION IN THE NORTH AMERICAN BASI%

Region DSDP Location Top Base Thickness A&, Position
Leg Site m* Core m* Core (0)

Blake-Bahama 44 391+ 991-1000.5 between 1325.7 45C:2,70 325.2- Sarremi. 28-13.7'%,75"36.9-W
Basin [-5955 -5964.51 13C & 14C 334.7 Tith-nnia-

Bahama Outer 11 101 580** between (691 TD) IOA >111 Neccomian 25"11.9-5,74"26.3'W
Ridge [-6448) SA & 9A

Lower Conti- 11 105 403.3 17:1,30 559.8 33:2.27 156.5 Barremian- 34"53.7-N,69-10.4-W
nental Rise [-5654.31 Late Tithonian

Bermuda Rise 43 387 583.8-593.1 between 792B 49 core 199- ?Barremian- 32*19.2'N,67"40'V
[-5701.8-5711.1) 37 & 38 catcher 208 Late Berriasian

Unlithified Carbonate Ooze Lithofacies

Cat Gap Area 1 4 143-191 between (259 TD) 5 68- Neocomian- 24"28.7'N,73"47.5'W
[-5463 -55111 3 & 4 116 Tithonian

Cat Gap Area 1 5 154-185 between (281 TD) 7A >93- Hauterivian- 24°43.6*N,73"38.5'W
[-5508 -5539] 3A & 4A 127 Tithonian

Cat Gap Area 11 99 32*** between 234*** between 1.200 Neocomian- 23*41.1'N,73*51.0'W
[-4946] 2A & 3A 11A & 12A Tithonian

Cat Gap Area 11 100 <203 above I 238**** between >35 Valanginian- 24-41.3-N,73"47.9-W
(-5528) 1 & 2 Late Tithonian

* .etres below sea floor. Range in values denotes interval without coring or recovery.
11 Depth below sea-level in square brackets.
TD Denotes total depth penetrated; bottom of formation not penetrated.
B Indicates that the formation rests directly on base%,ent.
i Core locations given by: core number:sectiondepth in centimetres.
t* Based on seismic reflector; interval 543-599 m not cored.
*** Based on reduction in drilling rate; intervals 21-44 m and 202-235 m not cored; reduction in drilling rate 220-240 m.
**** Based on reduction in drilling rate; interval 212-238 m not cored.
+ Type locality.

in transition to the black claystone of the over- matter and quartz silt is common in dark-grey
lying Hatteras Formation. At Site 105, slump calcareous clays.
units, locally more than a metre thick, are con-
fined to the lower part of the formation (Figure Acoustic Character. Horizon B correlates with
4F) below 500 m sub-bottom, and only small, minor the impedance contrast between the calcareous
slumps are present at Site 101 (Lancelot et al., sediments of the Blake-Bahama Formation and the
1972). overlying dark clays of the Hatteras Formation at

At Site 105, calpionellids occur near the base six sites where both the reflector and the contact
of the formation, but they are rare, poorly pre- can be identified (Tucholke, 1979). This reflec-
served, and recrystallized higher in the unit. tor can generally be traced above basaltic crust
Calcisphaerulids were found at all sites. Nanno- older than Barremian age (Figures 6, 17, 24).
conids are common in some of the cores at Site 99A The eastward pinch~out of Horizon B on Hauterivian
(Lehman, 1972) and Site 391C (Wind, 1978). In all to Barremian-age crust (Figure 8) provides rough
.the sites primitive arenaceous foraminifera are confirmation for the age of the upper boundary of
-rare, but small planktic foraminifera are even the formation (Mountain and Tucholke, 1977;
lss common (Luterbacher, 197k.. Aptychi are Tucholke, 1979) The acoustic character of
relatively comon and echinoderm, -mollusc, and Horizon.6 is variable. The reflector is best
ostracod-debris occurs locally. The -aptychi -and developed in the Cat Cap region where- there is3
nannoplanktonare better preserved in the marls little-overburden. Here B is a strong, crisp,

due to-less diagenetic- alteration. The intensity fairly smooth reflector capping a zone of acous-
af diagenetic alteration decreases upwards in- the tically laminated sediments including the Blake-
sequence. Bahama Formation. -The acoustic lamination prob-

The-terrigeneous component of the clayey lime- ably reflects variable impedance of interbedded

stone is domirated by montmorillonite- and mica limestones-cherts. and marls. This acoustic-
3(ees et ae 1972) at Sites 105, 10TA and>99A lamination is-not -always distinct beneath-the

-(bs6)-. -Other-terrigenous coun nents are minor thicker sediments of the -Blake-Bahama Outer Ridge
silt-s ied quart z,lagioclase-and traces of and- continental rise, perhaps because of poor

In;vy- mfneals;i FiniieY dissemnatddoganic signal- -penetraion -afid- because-physical -property
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contrasts are reducpd where overburden increases lamir. ed and bioturbated limestone intervals,
sediment consolidation. Farther east, Horizon 6 with graded sandy limestone intervals in the upper
becomes 4rregular because it more closely overlies part of the formation. The microfossils including
rugged altic basement, and at its eastern common radiolarians, indicate pelagic deposition
extremity the reflector is only intermittently in an oxygenated deep bathyal environment. The
observed in basement depressions. The acoustic relative paucity of planktic foraminifera and
lamination of sub-B sediments Is seldon well presence of etched nannofossils at the type
developed in this region. section sr gests deposition near, but above the

In all areas where Horizon S is observed, it is CCD. Reconstruction of site paleodepth curves
not uncommon for other, generally weaker reflec- indicates water depths possibly as great as 4500 m
tors to appear and fade laterally in the interval in the type area, and about 500 m shallower
50 to 100 m above S. This is particularly evident depths, in other sites (Figure 23).
at Site 391C (Figure 6) and at sites near the Seismic profiles across the Blake-Bahama Basin
Bahama Barks. These reflectors may be carbonate show deposition of flat-lying sediments in a basin
beds within the overlying black clays, prob.bly uninterrupted by basement peaks (Figure 5). The
derived from the adjacent, shallow carbonate alternately laminated and bioturbated sediments in
provinces (see Hatteras Formation, Site 4). They the lowc part of the section at Site 391C may
suggest that Horizon 6 and the top of the Blake- include fine-grained turbidites originating from
Bahama Formation is diachronous, reflecting the the Bl'-ka Plateau. Some of the laminations may
local persistence of detrital carbonate sediment- represent reworking by bottom currents that
ation beyond the cessation of pelagic carbonate were intensified near the steep marginal escarp-
deposition in the basin. ment. Marked variations in thickness of the
The base of the Blake-Bahama Formation probably formation observed in profiler records near the

is marked by Horizon C at the top of the Cat Gap Bahama Banks south of the type area led Mountain
Formation (Figure 6) as discussed previously, and Tucholke (1977) to suggest that persistent
Where the oceanic crust is younger than about bottom currents created zones of preferential
Tithonian, as at Site 387, Horizon C pinches out deposition in the Early Cretaceous.
and the Blake-Bahama Formation rests directly on Turbidity currents were active during deposition
basaltic basement, of the upper part of the Blake-Bahama Formation at
Compressional-wave velocities of the Blake- Site 391C. where graded limestone and sandy lime-

Bahama Formation vary with overburden thickness. stone beds were deposited. The presence of
Shipboard velocity measurements on core samples abraded oolites, quartz, and feldspar grains in
average 2.78 km/s in the top 250 m at Site 391C cross-bedded sandy limestone beds at this site
and 3.31 km/s at the base. At Site 387 measured indicate provenance from a mixed terrigenous and
velocities ranged from 1.8 to 4.7 km/s in various carbonate shelf. Oolite banks were probably
interbeds. These measured values average less developed at that time at the outer shelf margin
than the in situ velocities calculated from cor- (Enos and Freeman, 1978).
relation of the borehole to the seismic record: In areas away from the continental margin
Site 391C - 3.60 km/s (1000 m overburden); Site (Site 387) and on basement rises (Site 105), local
387 2.08 km/s (590 m overburden); and Site 100 - slumping of carbonate detritus from highs probably
(?) 2.05 km/s (presently no overburden). Inter-al formed 'pelagic turbidites' (Lancelot et a!.,
velocities measured by the CDP method in the Blake 1972). However, the Blake-Bahama Formation at
Bahama Basin are 3.2 to 3-6 km/s, close to the these Sites is more characteristic of a pelagic
calculated measurements (Figure 5; Sheridan et depositional environment.
al., 1978). Sediment accumulation rates average 7 to 10

mm.y. at all sites, except at Site 101 where the
Age. The Ulake-Bahama Formation has been dated rate may have reached 18 m/m.y.

at the type locality by nannofossils, dinoflagel-
lates, foraminifers, and aptychi and appears to be Identifying Features. Light grey color, nic-
Lale Tithonian-Barremian (Figure 9). At Site 105 ritic limestone composition with abundant calcite
the formation is also Late Tithonian-Barremian replaced radiolarians, occurance of stylolites,
(Figure 7), at Site 99A Tithonian-Hauterivian/ presence of seismic reflector 8 near the upper
Barremian at Site 100 Late Tithonian-Valanginian formation boundary, and the position of the for-
and at Site 387 Late Perriasian to ?Barremian mation between underlying reddish-brown colored
(Figure 14). At Sites 99A and 100 the upper part limestones of the Cat Gap Formation and overlying
of the formation was not cored, and at Sites 4, 5, dark shales of the Hatteras Formation are identi-
and 101 the upper boundary is also uncertain due fying features of the Ulake-Bahama Formation.
to the scarcity of microfauna and intermittent-
coring. At these sites the boundary is apparently Correlation with-Other Units. Deltaic depos-
of Hauterivian to Barremian age. ition dominated the Late Tithonian-Barreian on

the inner-and middle North-Atlantic shelf north of
:Depositional Envizonment. The Blake-Bahaima Cape -Hateras. Shall w-ater limestones, locally

Formation at the type locality is a texturally enclosinghydrozoan--coral -sponge reefs, form a
variable sedimentary sequence of alternating discontinuous belt situated along the more stable
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parts of the outer paleo-shelf and over topogra- o W o

phic highs;. Fine grained limestones and calca-1
reous clays were deposited at the same time in a '-1
deeper outer shelf (Jansa and Wade, 1975a, b; HATTERAS FORMATION

Smith Pt aZ,., 1976, Perry et a?:., 1975). The - HAIEAS IM COREI.)
Upper Jurassic-Lower Cretaceous carbonate banks ATT:RASFRITYPESECT

UO0ITE SUIAMS
north of the Blake Plateau are identifiable by a S\ E€S., -40.
strong seismic reflector which is approximately lCll .SUACS
Hauterivian on the Canadian margin (Jansa and 10 REG O. SEI, 10

Wade 1975a). This seismic reflector is synchronous ,IICKISS IN SEC0NOS
with the seismic Horizon 5 in the deep sea and C--RIENT ER..OS" :k
thus both of these seismic reflectors may be L 2
correlatable. ",
Extensive Upper Jurassic and Cretaceous car- -,ll

bonate deposits cover the Blake Plateau and vffixI.
Florida-Bahama region (Meyerhoff and Hatten, 1,o0)

1974), but these shallow-water units cannot be N . '..

correlated satisfactorily with deposits in the
basin. An exception is shallow marine carbonate I I.,

at the Blake Nose (Sites 390, 392) which can be WNW)

paleontologically correlated with the top of the iljjII ,
Blake-Bahama Formation at the type section (Gave- k-

ZineZZa barreiniana-Lenticulina sigali Zone of P IC
Barremian age; Gradstein, 1978). 1

A lithofacies similar to the Blake-Bahama
Formation was cored at Site 367 in the Cape Verde
Basin (Jansa et al., 1978) and it outcrops on Maio 2o - -"
1sland of the Cape Verde Archipelago .(Stahlecker,
1933). Thus wide distribution of this lithofacies
in the central North Atlantic is indicated.
Bernoulli (1972) compared the lithified portion 

-

of the Blake-Bahama Formation with the Late
Tithonian-Barremian Maiolica Formation of the Figure 10. Boreholes that have cored sediments of
southern Alps and Apennines and the unlithified the Hatteras Formation. Formation
portions of the Blake-Bahama Formation to the thickness (metres) in parentheses.
Aptian-Albian more argillaceous Marne a Fucoidi Subfacies are differentiated by indi-
and Scaglia Variegata. On the basis of both cated patterns. Dashed line shows the
lithology and age, the Maiolica probably corre- approximate eastward limit of black
.lates better with the Blake-Bahama Formation. clays.

Hatteras rormation to decimetre-thick black beds alternate with dark
The Hatteras Formation as formally defined hare grey and green-grey beds of comparable thickness

at the top of tne sequence. Contacts are sharp.
is dark greenish-grey to black carbonaceous cl. Burrows are common in lighter claystone beds, but
and laminated marl widespread in the North Ameri- are lacking in the black claystones. Thin dis-
can Basin (Ewing, Worzel et al., 1969; Hollister, crete silty laminae containing siderite, pyrite,
Ewing et a., 1972; Tucholke, Vogt et a., clinoptilolite, cristobalite, and montmorillonite
1979). The type section is at Site 105 (Tables I, occur throughout the formation; laminae colors2 and 7)oghu ohe foraton laower cotoenalorsadacn
2, and 7) on the lower continental rise adjacent vary through grey, white, and brown (Figure llA).
to the Hatteras Abyssal Plain (Figure 1). Silty claystone, the dominant lithology, averages

This formation was first sampled by piston 65% clay-size narticles. Clay minerals are dom-
coring of the outcrop in the Cat Gap area (Saito inantly montmorillonite and mica, with less than
e a"., 1966; Windisch et al., 1968) and first 2% chlorite and kaolinite (Table 8). Zeolite
drilled by DSDP at Si-e 5 (Ewing, Worzel et al., (clinoptilolite) is an important component
1969). The continuity of the sequence was recog- (Figure 11C), constituting up to 38% of the bulk
nized by Lancelot et al. (1972) who described it mineralogy in X-ray samples. Carbonates, quartz,
from Sites 105 and i1 as "Lower Cretaceous black cistoalite, fdr, si ie yrite, adcristobalite, feldspar, siderite, pyrite, and

clays". organic matter particles are minor constituents.

Type Locality. At Site 105, the type locality, Calcium carbonate content is generally less than

113.2 m of dark-greenish-grey (5G5/1) to black 2%, but a number of samples show a mode of about
(N/l) carbonaceous, zeolitic, silty claystones 25%. Organic carbon content varies from 0.1 to
(Figure 1IA) alternate withminor- lighter 4.8% with-one value of 14.8% near the top of the
greenish-grey (5Y4/-l) claystones. The lower half formation. Average porosity is about 55%.
of the formatiop is mostly-black, but centimetre- Dinoflagellates and rare py.ritized radiolariaA
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are usually the only microfossils present. Foram- 28 is omitted from Table 7 because of strati-
inifera, mostly primitive agglutinated forms, are graphic mixing and poor recovery. Although no

rare except in a few intervals near the top of the major lithologic differences are encountered,
sequence with well preserved planktic forms varying degrees of induration require designations
(cores 11 and 12, 304 to 322 m; Luterbacher, of clay, claystone, or shale at various sites.
1972). Nannofossils are absent except in the Minor differences in composition permit recog-
uppermost and lowermost portion of the formation. nition of three regional subfacies characterized

The upper part of the formation is rich in fish by: (1) zeolites (Site 105), (2) radiolarian-

scales and teeth. and/or nannoplankton-rich beds (Sites 386 and
391C) or radiolarian chert (Site 5A) with only

Contacts. The lower contact with the underlying traces of zeolites, (3) clay lacking zeolites or
Blake-Bahama Formation appears sharp (Tables 2, siliceous-calcareous lithofacies (101, 387). Type
7), but the core is broken at this point, and some 2 subfacies probably characterize much of the

sediment between the juxtaposed black clays and basin-margin and ridge-flank region of the Hat-
limestones may be missing. Persistence of dark teras Formation. In these areas, siliceous and

grey colors, clay minerals, and carbonaceous calcareous debris were rapidly injected from

debris into the top of the Blake Bahama limestones elevated peaks or banks to the adjacent deep basin
suggest that the contact is transitional. below the CCD. An extreme end-member of this

The upper contact is defined at the uppermost process occurs at Site 4 where sediments, although
occurrence of black clays characteristic of the dark grey in color, are dominated by pebbly mud-

formation (Table 7). This sharp contact divides stones with carbonate clasts of shallow-water
black, greenish-grey, and grey sediments of the origin. The type 3 subfacies is probably more

Hatteras Formation from variegated clays of the typical of the remaining deep-basin Hatteras
overlying Plantagenet Formaticn. A marked upward Formation than is the zeolitic subfacies at

decrease in pyrite and zeolite accompanies the Site 105.
color change. A dramatic increase in organic The Hatteres Formation overlies limestones and

carbon content is found at the top of the type chalks of the Blake-Bahama Formation at all sites

section (core 9:4, 15 cm; 14.8% Corg) and also is except at Site 386 where it rests on basalt. The

reflected in other sites where the upper contact lower contact of the formation is gradational
was cored (see below). through intervals which range from a few metres

(Site 105) to as much as 100 m (Site 391). The
Regional Aspects. Dark carbonaceous clays were upper contact with variegated clays of the over-

encountered at six other sites in the North lying Plantagenet Formation is transitional over a

American Basin (Table 7, Figures 10 and 24). Site few metres or less at Sites 386, 387, and 393C.

TABLE 7. GEOGRAPHIC DISTRIBUTION OF THE HATTERAS FORMATION IN THE NORTH AMERICAN BASIN

Region DSDP Location Top § Base Thickness Age Position

Leg Fite m* Core m* Core

Lower Conti- 11 105
+  

290.1 9:3,110 403.3 17:1,30 113,2 Cenomanian- 3453.7'N,6910.4'W

nental Rise (-5531] Barremian

Cat Gap 1 4 I14 between 143- between 29-77 Cenomanian- 24'28.7'N,73*47.5'W

1-54341 2 & 2A 191 3 & 4 . Aptian

Cat Gap 1 5 71-85.3 between 145.1 between "74.1 ?-Early Albian 24-43.601N,73-38.5'W
[-5425-5439.3] 3 & IA 3A & 4A

Bahama Outer 11 101 230** between 580** between 350 Albian- 25°11.9'N,74"26.3'W

Ridge (-5098] 3A & 4A 8A & 9A Barremian

Bermuda Rise 43 386 724.3 41:5,80 965B between 240.7 Albian- 31'1.2'N,64*14.9*4
1-5507.31 65 & 66 Cenomanian

Bermuda Rise 43 387 478.4- between 583.8- between 8 105 Cenomanian- 32*19.2'N,67°40'W
488.5 29 &. 30 593.1 37 & 38 Middle Albian/

15596.4-5606.5] Hauterivian

Blake-Bahama. 44 391 690 6C - 3 991- between 299.5- ?Cenomanian- 28*13.7'N,75"36.9'W

Basin (-5355] 1000.5 13C & 14C 309 Aptian/Albian

Metres below sea floor. Range In-values denotes interval without coring or recovery.

(] Depth-below sea-level in square brackets.
TD Denoteg total depth penetrated; bottom of formatiuonnot cored.
B Indicates that the formation rests-directly on basement.
5 Core location given by: -core number:section,depth-in centimetres.
°** Based on seismic reflector; intiervals 293-250 m and543-599 m not cored=
+ Type-locality.
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The sediments near the top of the formation at lates of Cenomanian age at the top of the black
Sites 386 and 387 have organic carbon contents as clays in core 6. This may result from either
high as 7.7% and 14.2%, but this was not observed uncertainties in the biostratigraphy or the pre-
at Site 391C. At this site, the upper boundary of sence of an unrecognized hiatus between the
the fcrmation is transitional in the upper 3 Hatteras and Plantagenet Formations. A similar
metres of core 6 and a disconformity may occur hiatus may occur at Sites 4 and 5 (Pessagno,
within this transition zone. At Site 101 a major 1968). The Hatteras Formation rests on Lower
hiatus separates Lhe Hatteras Formation from Albian crust at Site 386 and extends into the Late
overlying mid-Tertiary hemipelagic muds. At Sites Cenomanian. An Albian-Cenomanian age span has
4/4A and 5/5A the Hatteras Formation is overlain been determined for the Hatteras Formation at Site
by graded carbonate debris derived from the 386 (Figure 13; Tucholke, Vogt et aZ., 1979). At
adjacent Bahama Banks (Figure 24), and a Late Site 387 the formation is dated only by palyno-
Cenomian to Early Turonian hiatus may be present morphs and extends from Late Hauterivian-Middle
(Pessagno, 1968). Albian to Middle Cenomanian-Turonian (Figure 14).

Acoustic Character. No consistently observed Depositional Environment. The origin of the
seismic marker correlates with the top of the thick dark carbonaceous claystones in the Atlantic
Hatteras Formation (Figures 6, 17). A weak Ocean has been the subject of considerable specula-

reflector occurs near the top of the formation at tion (Hollister, Ewing et al., 1972; Fischer and
Site 386, but it cannot be definitely correlated Arthur, 1978; Schlanger and Jenkyns, 1976; Dean
with the contact and is of only local extent et al., 1978).

(Tucholke, Vogt et al., 1979). The absence of a Mineralogic and fossil composition of the
reflector is not surprising because in general the formation in North American Basin sites suggest
physical-mechanical propertie!. and velocities of pelagic and hemipelagic deposition in a deep
the Hatteras and overlying Plantagenet Formations bathyal to abyssal environment below the CCD. The
are similar (Demars, 1978). black clay occurrence is not strictly depth-

The interval corresponding to the Hatteras dependent, as is indicated by lateral transitions
Formation is normally acoustically nonlaminated or to shallower, dark-grey bituminous marl litho-
very weakly laminated in low-frequency (less than facies on the slope off Spanish Sahara (Site 369,
100 Hz) profiler records. On airgun profiler Lancelot, Seibold et al., 1978), southern France
records near Site 393C deconvolution removes much and England (Schlanger and Jenkyns, 1976), and in
acoustic reverberation in the interval above Venezuela (Miller et at., 1958) and Columbia
Horizon B corresponding to the Hatteras Formation (Morales et ai., 1958). In the western North
(Figure 6). The remaining internal reflectors Atlantic, the entire basin below about 32G0 m was
probably represent calcareous beds derived from intermittently anoxic (Figure 23).
the adjacent Blake Escarpment. Sound velocities The development of the black clays has been
in the Hatteras and overlying Plantagenet Forma- interpreted to result from a highly stratified
tions calculated from borehole-reflectors cor- water column, with stagnant or oxygen-depleted
relations are about 1.92 km/s at Site 386 (632 m deep water overlain by oxygenated and circulating
overburden), 1.75 to 1.93 km/s at Site 387 water (Schlanger and Jenkyns, 1976; Jansa et al.,
(444 m), 1.75 km/s at Site 101 (230 m), ?2.0 km/s 1978; Tucholke and Vogt, 1979). Oxygenated shallow
at Site 105 (240 m), and 1.97 km/s at Site 391 water is indicated by deposition of light-colored
(649 m). Velocities directly measured on core Aptian-Albian nannofossil oozes at Sites 390 and
samples are scattered around these values, some 392 on the Blake Nose (Benson, Sheridan et at.,
higher measured velocities reflect the preferen- 1978). Sediments deposited on the continental
tial recovery of more lithifie rocks during the shelves during the 'black clay event' also show
coring process. normally oxygenated and current-influenced envi-
Horizon B marks the lower boundary of the ronments (Jansa and Wade, 1975a; Snith. et al.,

Hatteras Formation above Barremian-and older 1976). Indeed, coral-rudist reefs appear to have
crust, as discussed above, and the formation flourished along the North American conLinental
probabg closely overlies-oceanic layer 2 (basalt), margin during this period (Douglas et al.,
in regions of younger crust. 1973). The interbedding of lighter, burrowed

sediments in the Hatteras Fornation shows that the
Age. Ages establishedofor the Hatteras Forma- anoxic conditiois were intermittently destroyed

tion boundaries are variable, both because of and the deep-basin bottom water oxygenated.
diachronism and because of poor control resulting Tucholke and Vogt (1979) suggest that the
from discontinuous coring and impoverished m~cro- confinement of thick black-clay facies to the
fauna (Table 7, Figures 7, 9, 13, 14). At the Atlantic basins, the Caribbean, and the Indian
Sito 105 type section the formation is Barremian- Ocean indicate that circum-basin barriers to deep
Cenomanian (Figure 7). At Site 391C (Figure 9) flow were responsible for the stagnation. Another
the formation ranges from Aptian (possibly Barre- hypothesis was proposed by Dean ct ci. (1978), who
mian) to Alblan according-to Benson,-Sheridan- considered that the black clays were diagenetic
et a. (1978). However G. Williams (Geo1. Survey -facies aid that reducing conditions developed
of Canada; pers. comm.) has identified-dinoflagdl- within the sediment as a result of increased
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organic productivity and subsequent decay of by the Esso Standard Hatterd. Ig..t Well No. 1 on
organic matter in the sediment. The reducing Cape Hatteras, North Carolina, (Swain, 1952) and
conditions may ha-e extended above the water- by the COST B-2 well located in the Baltimore
sedimeut interface, as indicated by the lack of Canyon Trough (Smith et aZ., 1976). All these
bioturbation in black clays, sequences are characterized by the presence of

The conditions which caused the black clays to coal seams and coalified plant debris, enclosed in
be deposited were geologic.ily rapid but not sandstones and shales, but the bottom conditions
catastrophic, as is indicated by the commonly were generally oxygenated. Even though the shelf
transitional contact between the Blake-Bahama and sediments contain a high organic matter content,
Hatteras Formations. The rise of the CCD at the they cannot be correlated with the deep-sea black
onset of deposition of the Hatteras Formation clay facies on lithologic criteria.

(Figure 23) may have resulted from decreased
productivity of skeletal carbovate with resulting Plantagenet Formation
depletion of calcium carbonate in the bottomwate, o frm te deelomen ofacidc, tagaot Varicoloured, locally zeolitic, noncdlcareous
water, or from the development of acidic, stagnant claystone forms a thin but widespread unit which
bottom water. Sediment accumulation rates of 3 to overlies the black claystone of the Hatteras
5 m/m.y. characterize the deep-basin sites, but Formation throughout the central part of te North
higher rates of 12 to 19 m/m.y. occur at Sites 101 American Basin. We propose the name Plantagenet
and 391 near the continental margin and at Site Formation fcr the variegated claystone. Planta-
386 where local turbidites filled the paleo-ridge- genet Bank, the southwestern lobe of the Bermuda
flank fracture valley. pedestal, is located near the type locality at

Identifying features. The black and dark grey Site 386 (Table 1, Figure 1). Deposition at this

or greenish-grey colors, clayey composition, lack site appears to have been continuous across the

of bioturbation in the black beds, presence of upper boundary of the formation in contrast to a

carbonaceous debris and usual absence of biogenic widespread unconformity present at many other

carbonate are the distinctive features of the ites.

Hatteras Formation. The regional significance of the varicolored
zeolitic clays was recognized by Lancelot et aZ.Correlation with Other Units. The period of (1972), uio described the unit as "Upper Creta-

deep-sea black clay deposition corresponds to a ceous to jower Tertiary(?) multicolored clays".
period of transgression on tha North American .A thin caicareous unit near the top of the varie-
continental margin. On the Scotian Shelf clastic gated claystone is described separately as a
rocks of Upper Missisauga to Logan Canyon Forma- member of the Plantagenet Formation.
tions enclosing numerous coal beds were deposited
in a deltaic and shallow open shelf environment Type Locality. At Site 386, the type locality,
(Jansa and Wade, 1975L). Similar transgressive 92.3 m of the claystone is characterized by dusky
marginal-marine clastic sequences were penetrated yellowish-brown (IOYR2/2), moderate browu (5YR4/4),

Figure 11. Hatteras and Plantagenet Formations.
A. Black (N 1), zeolitic, silty claystone, with occasional thin silt

laminae, but mostly massive. Hatteras Formation (Leg 11-105-15:6,
99-113 cm).

B. Hatteras Formation claysrone rich in organic matter. Organic
particles are lipids, brownish, elliptical, and circular in shape
and 8 pm in average diameter (thin section, ordinary light, scale
bar = 100 pm) (Leg 11-105-16:1, 75 cm).

C. Zeolitic silty claystone of the Hatteras Formation. Clay with pods
of quartz silt, minor zeolites (Z), and mica; pyrite, orgapic debris
occur in traces (thin section, ordinary light, scale bar = 100 pm,
Leg 11-105-11:1, 101 cm).

D. Zeolitic claystone of the Plantagenet Formation, very finely lam-
inated with irregularly banded dusky yellowish-brown (10 YR 2/2),
and-moderate brown (10 YR 4/4)colors. Note dark color cutting
across laminae at 56 and 63 cm (Leg 43-386-38:4, 48-73 cm).

E. Bluish-white (5B 9/1) and light-greenish-grey (5G 8/1) limestone of
the Crescent Peaks Member in contact with overlying dusky red (1OR
3/5) claystone of the Plantagenet Formation (Leg 43-386-35:4, 1-23 cm).

F. Scannihg electron micrograph of claystone from the Piantagenet
Formation (Leg-43-386-35:2, 98 cm). Note dominantly clay composi-
ti on-and strong linearion of clay particles. Scale bar 30 pm.

G. Scanning electron micrograph of chalk from the Crescent Peaks Mem-

-be-r _(Leg-43m385-13:2, 53.cm). In-contrast to photograph (F), sedi-
ment4-dominated-by nannofossils, some of which are well prespived,
-Note -high interpirticI6 porosity. Scale bar 10 um.
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Figure 12. Boreholes that have cored sediments of the Plantagenet Formation and
Crescent Peaks Member. Italicized numbers show thickness of Crescent

1~ Peaks (metres). Thicknesses in parenthesis are of Plantagenet Formation.
Seismic Horizon A* (top of Crescent Peaks Member) and approximate eastern

limit of the formation adopted from Tucholke and Mountain (1979).

iand dusky dark red (10R315) colors, with some only traces of zeolites and altered ash, and they
] light greenish-grey (5G0/1) beds-a few cent-;tres have 5-to 15% chlorite and kaolinite. Rare primi-

I adporype
to decimetres in thickness (Figure 11D). The tive agglutinated foraminifera -n orype
sequence consists of a reddish-brown interval with served- radibolarians also are-present. Thin,
increasing green-grey intercalations in the lower irregular lamination is the only sedimentary
part (cores 41, 40),-a variegated reddish interval st ructure in this formation. The upper part of--

in cores 39 and 38, and a reddish-brown interval the formation contains A disti.:ctive calcareous

(cores 36 to 35). Zeoli~es (clinoptiloite, unit (i n-Core 35, Crescent Peaks Member; Figure
phillipsitc) form 6 to- 20% of the seditment in the 11E), described later.
central, variegated section; the remaining com-
ponents are clays (illite and~montmorillonite, 60 Contacts. The Plantagenet Formation overlies
to 80%) and, fin order of decesn bnaie the bckcas of the Hatteras Formation in a _

quartz, disordered- crisoblte, anfedpr transitional zone of interlaminated red And green-
(Table 10). -Iron-and-maniganese oxides including -grey claystones A few meters thick. -At the type
micronodules, and traces of siderit ?ae-- lociy -hloe ontato h lnaee
obfserved in smear- slides. -The upper- and -lower Formation is defined -at the-uppermost occurrence -

reddish -clays6ties -differ in- that -they cntain odo Ihaty green iy and lc es lhuh
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occasional reddish colors recur deeper i: the persist as deep as 413 m subbottom. Picking the
Hatteras Formation. The contact also marks a upper boundary on color alone is also complicated
downward change in mineralogy to more quartz-rich by the fact that black clays similar to the
sediment with less clay, consistJng entirely of Hatteras Formation recur in this interval.
illite and montmorillonite. At Sites 385 and 387, the Plantagenet Formation

The upper contact at Site 386 occurs in a 19 m above the Crescent Peak Member has very little
uncored interval below siliceous claystones of the kaolinite (<5%) or chlorite. This mineralogy may
overlying Bermuda Rise Formation. Low accumu- be characteristic of Lh Lop of Lhe Plantagenet
lation rates of 2 to 3 m/m.y., calculated for this Formation, up to 19 m of which was uncored at the
interval, suggest that the pelagic red clays of Site 386 type locality.
the Plantagenet Formation comprise most of the An alternative is that the sequence above the
uncored interval. Crescent Peak Member at Sites 385 and 387 repre-

The contact of the Piantagenet Formation with sents a separate lithologic unit from the Planta-

the overlying Bermuda Rise Formation has been genet Formation as suggested by changes in color
cored at two other sites, 385 and 387 (Figure 24). and sediment composition. With presently avail-
At Site 385 the contact is placed at 165 m sub- able data, we cannot satisfactorily resolve this
bottom (between cores 6 and 7) where there is a question.

i sharp compositional change from Plantagenet clays
rich in zeolites with palagonite and amorphous Regional Aspects. Variegated claystones were

iron-oxides, to the overlying siliceous, cherty penetrated in seven other sites on the Bermuda

Bermuda Rise Formation. The color change is not Rise (Sites 7A, 9A, 387), New England Seamounts
sharp; the upper part of the Plantagenet Formation (382, 385), lower continental rise (105), Blake-
at Site 385 is yellow-brown, brown and green-grey Bahama Basin (391AC), and perhaps on the Greater
and is locally silty. Antilles Outer Ridge (28) where a few fragments of

At Site 387 the contact is very gradational red and variegated claystones were recovered
between 376.6 m and 444.2 m subbottom (Figure 24). (Table 9, Figures 12, 24). Composition of the
Red-brown and greenish variegated clays are found claystones is variable. For example, zeolites are
as shallow as 377 m, but cherty siliceous sedi- not reported from Sites 7A, 387 and 391 (Table
ments of the overlying Bermuda Rise Formation I0). Clay minerals comprisO Ahe bulk of most

TABLE 9. GEOGLHC DISTRIBUTION OF THE PLANTAGENET FORMATION IN THE NORTH AMERICANlBASIN

i20' Region DSDP Location Top Base Thickness Age Position

Leg Site m* Core* m* Core0 ()

Bermuda Rise 43 386
+  

611.9-632.0 between 724.3 41:5,80 92.3- Paleocene- 31*l'.2'N,64*14.9'w
5394.9 -5415) 34 & 35 112.0 Cenoranian

Bermuda Rise 1 7 236-278 between (296 TD) 3A 18-60 (undated, 3008.O'N,68"17,8'w
j5421 - -54633 2 & 2A** pre-Eocene)

Bermuda Rise 2 9 682-765** between 834B between 69 "Cretaceous"- 32*46.4'N,59*11.7'W
[5663 - -57461 1A & 3A 5A & 6A Campanian

Lower Conti- 11 105 193-241 between 290.1 9:3,110 49-97 Tertiary?- 34*53.7'h,69°10.4'W

nental Rise [5444 - -54921 4 & 5 overlies late
Cen'.sanian

Nashville 43 382 352 15:5,10 385.3 19:2,54 -33 Campani.n 34*25.0'N,56"32.3'W

they Seamount [-5879]

mi Vogel Seamount 43 385 165 between 283 16:3,146 118 early 3722.2'N,60"O9.5'W

[-5121) 6 & 7 Paleecene-
Coniacian?

f Bermuda Rise 43 387 376.6-444.2 23:2,82 478.4- between ,103 overlies 321I9.2'N,67°40.O'W

(-5494.6 -5562.21 through 488.5 29 & 30 early Eocene-
27:2,148*** Cenomanian

e
Ba e-Bahama 44 391 649 21k 691.5 6C:3 42- overlies 28

[ -56131 Cenos~anian

etres below sea floor.- Range in values denotes interval without coring or recovery.
I) Depth below sea level in square brackets.

een- -*Tra~n siti-onalbboundary.t-

pe TD -Denotestotal depth penetrated; bottom of-Ehe-formation was not cored.
B IndLeates-that the formacion rests-directly on basement.
I Ctoez-esldotion given-by: core number:section~deth in centimetres.

-Cure-7ZAap~p~e~a~rso contain-downhole corings:(core-catcher contains Upper Cretaceous taicrofautR).
agh -+ Type -locaity.
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samples and kaolinite and chlorite are more abun- nonlaminated (Plantagenet) to an acoustically

dant than in the Hatteras Formation. Manganese laminated sequence of cherty sediments in the

micronodules are present in some claystone beds Bermuda Rise Formation, but this correlation is

from the upper part of the formation at Sites 7A not always observed. Nearer the continental

and 9A. Volcanic glass is uncommon in claystones margin, at Sites 105 and 391C, the erosional
at Site 387, but is a persistent, minor component unconformity at the top of the Plantagenet For-

at Sites 382, 385, and 386 which contain volcani- mation is a well defined reflector, Horizon AU
elastic detritus derived from the New England (Tucholke, 1979). Within the Plantagenet Forma-
Seamounts. Volcanic glass and shelf-derived tion, the top of the Crescent Peaks Member corre-
quartz silt also form some laminae in the varie- lates with Horizon A* (discussed below). Sound
gated clays in the Blake-Bahama Basin (Site 391C). velocities in the Planragenet Formation are
Limonite (?Fe-Mn) nodules are also present at Site similar to those in the Hatteras Formation, as
391A in the uppermost part of the formation (core noted earlier.
21). On the lower continental rise (Site 105) the
claystones display color variations with bands of Age. Despite a general lack of fossils in the
pale brown, red, white, yellow, orange, pink, variegated claystone, several approximate age

reddish-brown, purplish, black, and pale green. determinations are now available. At the Site 386
These claystones are composed of montmorillonite, type locality, Middle Paleocene nannoflora overlie
mica, and kaolinite. Zeolites, principally Maastrichtian sediments at the top of the forma-
clinoptilolite, with minor heulandAte(?) and tion (core 35). The sediments near the base of
phillipsite are present in the upper part of the the formation (core 44) are Cenomanian in age

formation; quartz is common, and feldspars are a (Figure 13). At Site 387 (Figure 14) the upper
minor constituent. A striking feature of the transitional interval above the carbonate member
Plantagenet Formation at Site 105 is enrichment of contains nannofossils of Early Eocene (core 23)
the heavy metals, Mn, Zn, Cu, Pb, Cr, Ni, and V and Paleocene (cores 24 to 26) age. The lower
(Lancelot et aZ., 1972). The resultant mineral part of the formation overlies Cenomanian beds and

assemblage includes sphalerite and todorikite (Mn- contains a Campanian-Maastrichtian nannoflora.
oxide) along with a variety of iron minerals The interval above the carbonate member at Site
(pyrite, siderite, goethite, hematite, and iron 385, tentatively assigned to the Plantagenet

montmorillonite). The Plantagenet Formation is Formation (cores 7 to 11), contains an Early
almost completely devoid of fossils at all sites, Paleocene nannoflora at the base. At Site 105 a
with only occasional traces of primitive agglu- speculative Tertiary age (Figure 7) from dino-
tinated foraminifera, radiolaria, and phosphatic flagellates for the upper part of the formation
fish debris. Nannoplankton are only locally may result from downhole contamination. At
common (Sites 386, 387). Site 391C the uppermost core in the formation is

At all sites where the Plantagenet Formation was unfossiliferous, but the underlying core 4C con-
completely penetrated by drilling, it is underlain tains palynomorphs not younger than Campanian

by the black claystones of the Hatteras Formation (G. Williams, pers. comm.). The base of the
or by basaltic basement. The boundary normally is Plantagenet Formation at this site overlies beds
transitional over a few decimetres to a few metres. dared Cenomanian (G. Williams, pers. comm.;
Thin beds of variegated nonzeolitic clays similar Figure 9).
in color to the Plantagenet Formation are locally
interbedded in the middle part of the Hatteras Depositional Environment. The Plantagenet
Formation at Sites 391C (Core 10) and 386 (Core Formation is a pelagic deposit which accumulated
46). in an oxygenated environment, in contrast to the

The Plantagenet Formation is overlain by chert underlying Hatteras clays. Accumulation rates
and siliceous clays of the Bermuda Rise Formation were very low (less than a few metres per million
at Sites 7A, 9, 28, 385, 386, and 387, and it is years), although local abundance of kaolinite and
truncated by an erosional unconformity at Sites chlorite suggests some terrigenous influence even
105, 382 and 391C (Figure 24). on the Bermuda Rise. The lack of calcareous

The Plantagenet facies at Sites 382 and 385 are fossils indicates deposition below the CCD and the
unusual as they contain volcaniclastic debris up paucity of siliceous microfossils also suggests
to sand size emplaced during the construction and minimal surface productivity. Compositionally,I weathering of Nashville and Vogel Seamounts, the Plantagenet clays are very similar to the mid-
respectively (Tucholke, Vogt et a14, 1979). At plate, mid-gyre 'red clays' presently being
both sites we consider rhe -base of the Plantagenet deposited in the Worth Pacific but differ in

Formation to lie at the first downhole occurrence having greater concentrations of metal-lic ions.
of Eoarse basaltic bre-ccia. The minerals formed in these clays at Site 105

prompted Lancelot 4t aZ. (1972) to compare the

Acoustic Character. -The base of the Plantagenet Plantagenet clays with the Red Sea brine-depos.Lts
Formation is not-markea by a-well defined reflec- and speculate that the enrichment -n metallic ions

tor (Figure 17). The dpfipEoftact with the was due to volcanic hydrothermal exhalations.

Bemuda Ri -For tiii-pc ds approximately However, the formation at most sites is not- near

to- the seli~t traisiti -nfroi-an 6igtuially any recognized-spreading-centre or active rift,

JAN4SA 29



0SITE AG IIANNOFOSSILS FORAMINIFERS RADIOLARIANS

ORE 190' 79) E40 T AL. (1979)

040

I640222I0(4E 4122010~

4 ~ ~ ~ ~ ~ 7 ...2Z022(22 -

OLIGOCENE $ 24424

II 22 - -X

SO

221040110(451

It2o. (0(2..

05

.2Z9

21 1 Go

Z171

-~~~~~~U12 I L2244 U -STR3200 12499., OF IE 4). SITE in6. 2(22'oM *I,,.

12k ION

. . ........4246 It. 22...2
[M(. 4.

IRE2=2.1 2.-.~22(22

Figure 13. Multiple biostratigraphy of Site 386 located on Bermuda Rise.

and the widespread distribution of the formation Near the seamounts the Piatagenet Formation
as now recognized makes this comparison even less probably intertongues with coarse volcaniclastic

ff- persuasive. An alterniative explanation by Arthur debris as suggested by Sites 382 and 385 (Figure
(1979) is that enrichment of metallic ions was 24).
caused by upward diffusion an-d-dewatering of- the
thick underlying black clays. -The very long-time Identifying features. The variegated colors,
interval, perhaps 30 m.y., reprerented by this clayey and localliy zeolitic composition, lack of.
relatively thin unit also suggests that the biogenic carbonate, low accumulation rates and
Plantagenet Formation either -represents an prsenice of seismic Horizon A* in the upper part
extrobaely condensed -sequence or includes unde- of the unit are distinctive features of the
tec-ted- hiatuses. Thufs submarinie weatherinig may Plantagenet Formation.
have- played -a- role in-the removal of fossils, :the
oxidation-of-iron, and-th", concentration -of he~avy Correlation with Othier Units. No lithologic
metals. The-local-abindance--of -zeolites -and; unit similar to the -Plantagenet Formation is -known
occurrerce of volcaic~ a-rh -could -be _related--to the on the Ndrth Afiericanmagi.-Sncrnos
volcanicd activity-of the IKelvin Stamaunt chain, green is h-grey, calcareos-gacoiticaysoe
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and rare sandstones were deposited on the North Site 386 light greenish-grey, laminated marly
American margin in a shallow to moderately deep limestone 2.4 n thick is enclosed by sharp con-
shelf environment (Jansa and Wade, 1975a; Smith tacts within reddish clav3tones of the Plantagenet
et al., 1977). The Plantagenet Formation also Formation. At Site 385, 36 to 46 m of lig it
lacks a well defined counterpart in the eastern greenish-grey marly nannofossil ooze is iter-
North Atlantic, where mainly greenish-grey clays calated with a few beds of calcareous silty clay
and marls were widespread at approximately the containing volcanic glass and zeolites. The unit
same time (Lancelot, Siebold et al., 1978). is underlain by yellowish-red clay with interbeds
Exceptions are in the Cape Verde Basin, Site 367 of greenish-grey vitritic clay but the contact was
(Jansa et eZ., 1978), and west of the Iberian not cored. It is overlain by brownish-grey
Peninsula, Site 398 (Ryan, Sibuet et ar., 1976) zeolitic clay, with a sharp burrow-mottled con-
where Upper Cretaceous variegated claystones tact.
similar to the Plantagenet Formation occur. The Since deposition of the Crescent Peaks Member
influence of highly oxygenated waters on sedi- probably indicates regional depression of the CCD
mentation extended into the Tethys region, as (see Deposirional Environment) the unit may be
suggested by the presence of Upper Cretaceous correlative with thicker ridge-flank carbonates
reddish marls and clays exposed in the Bettie cored at Site 10 (Figures 1, 22). The intervening
Cordillera and Lombardy Basin in Italy (Jansa, in Site 9 did not recover carbonates correlative with
press). the Crescent Peaks Member, but there was a 75 m

coring gap at the appropriate level (Figure 24).
Crcscent Peaks Member Seismic mapping of Horizon A* (see below) suggests

that the Crescent Peaks Member extends over Meso-
A relatively thin but lithologically conspicuous zoic crust in the entire basin to paleodepths of

unit of nannofossil chalks, marls, and limestones approximately 5300 m.
in the upper part of the Plantagenet Formation is
named the Crescent Peaks Member. The name is Acoustic Character. The top of the Crescent

derived from a series of basement peaks west of Peaks Member appears to correlate with seismic
Bermuda that were originally named by Heezen Horizon A* on the Bermuda Rise (Figure 17;
et al. (1959; Figure 1). The type locality is at Tucholke, Vogt et aL., 1978), but the reflector is
Site 387 (Table 11, Figure 12) where 25.2 m of not clearly indicated in the seismic section at

homogeneous, moderate olive to light olive-grey Site 385. Horizon A* merges with o- closely
marly chalk is intercalated with subsidiary underlies the Horizon AU unconformLty at Site 103;
calcareous claystone (Figure lE). The chalk is if present at Site 105, the Crescent Peaks Member
composed of micritic carbonate (42%) including may have been missed in a 49 m uncored interval
nannofossils (10%), and foraminifera (2%); other above the highest Plantagenet clays recovered in
constituents being montmorillonite, mica, minor core 5.
kaolinite, chlorite and quartz (Table 12). The The limits of distribution of Horizon A*
contact with the underlying red-brown and green- (Figure 12) probably indicate lateral facies
grey claystone was not recovered, although coring changes in the sedimentary section (Tucholke,
was continuous; the contact probably is sharp like 1979). To the west, Horizon A* becomes weaker and
the upper contact with dark greenish-grey clay- is difficult to trace within a chick series of
stone (Figure liE). continental margin reflectors. These reflectors

may represent pregradation of continental margin
Regional Aspects. Comparable carbonates were turbidites and fans in the Late Cretaceous and

recovered at Sites 385 at Vogel Seamount and 386 Early Cenozoic. Horizon A* is truncated by the
on the Bermuda Rise (Figure 12, Table 11). At erosional unconformity marked by Horizon A

TABLE 11. GEOGRAPHIC DISTRIBLTION OF -H CRESC7 PEAS .EMBER OF -IE PL %TAGL-.. ORMATION
15 THE ORH AMERICAN BASIN

Regicn DSDP Location Top Rase Thickness Age
Let sit-l VA Core u* Core (a)

Bersuda Rise 43 387 444.2 27:2,148 469.4 28:1.150 25.2 Late-fiddle

[-5562.21 iaastrichtian

Vogel 43- 385 205.8 11:2,125 241 between 36.2-46.2 Early Paleocene-
Seanount 1-5161.81 through 13 4 14 Middle

251 m.astrichtian

Ber-uda Rise 43 386 636.6 35:4.15 639 Z5:5,100 2.4 Middle
2.61 Maastrichtian

+ Type locility-
* , hetres-bel oweA -floor. Rage in values denotes interval without coring or recovery.

-D Depth below-se-ieveL insqsire brackets.
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TA3LE 12. CHARACTERISTICS OF THE CRESCENT PEAKS MEMBER*

Region Leg Site Carbon/Carbowne Mineralogy (X-ray Diffraction) Porcsity
N CaCO 3  Organic N Quartz Feldspar Carbonate Mica Chlorite Montmor- Zeolite N %

(bulk illonite
sample)

Bermuda Rise 43 387 3 42.0 2b 6.5 0 45.0 16.4 3.3 23.9 0 2 43.5
±1.73 ±0.7 ±7.1 ±2.7 ±3.5 ±15.9 ±0.2

VCgal 43 385 3 42.33 0.08 3b 14.0 3.0 29.7 20.9 5.0 13.8 0.3 3 52.1
Seamount ±4.93 ±3.4 0 ±6.5 ±3.9 ±1.4 ±3.0 ±0.6 :3.3

,ervuda Rise 43 386 1 57.0 2o 14.5 3.0 5.5 40.6 7.7 18.4 0 1 22.7
±0.7 0 ±7.8 ±1.2 ±0.8 ±6.9

b analysis of bulk samples
* no grain si7e data available

+ type locality

beneath the continental margin south of Cape that this reflector will prove to be correlative
Hatteras (Tucholke and Mountain, 1979). Horizon with Horizon A*.
A* also disappears toward the east on the Bermuda
Rise, probably because the clay/carbonate impe- Bermuda Rise Formation
dance contrast creating the reflector is lost in
the ridge-flank carbc.nate province. The Bermuda Rise Formation is a suite of sedi-

ments enriched in biogenic silica and chert,
Age. Well preserved nannofossils and foram- generally Early Eocene in age but ranging from

inifera indicate a Middle to Late Maastrichtian Paleocene to early Middle Eocene. The common
age for the unit at Sites 386 and 387 and a occurrence of chert within this formation makes it
Middle Maastrichtian to earl..,st Paleocene age at one of the most readily correlatable units litho-
Site 385 (Okada and Theirstein, 1979). logically and seismically in the North American

Basin, but the most difficult to core. The name
Depositional Environment. The composition and is taken trom the Bermuda Rise, site of the type

homogeneity of .a Crescent Peaks Member indicate locality, where the formation is particularly
pelagic d.position in a quiescent, oxygenated thick and readily traceable seismically.
environment above the CCD (Figure 23,. The cause
of the sharp depression and subsequent rise of the Type Locality. Site 387 is designated as the
CCD in the Maastrichtian is uncertain but may type locality (Tables 1, 2, 13, and Figure 15).
refl - dramatically increased upwelling and Here the formation is about 200 m thick and con-
productivity in response to changing surface sists of chert, silicified claystone, radiolarian
circulation patterns. mudstone, aud calcareous mudstone. The claystone

and chert are greenish-grey (5V4/2) to olive-grey

Correlation with Other Units. The Crescent (5G5/1); the radiolarian mudstone and nannofossil-
Peaks Member is approximately correlative with a rich claystones are somewhat lighter. The chert
lithologically identical foraminiferal-nannofossil consists largely of porcelanite. The content of
chalk (the Wyandot Formation) on the Scotian Shelf siliceous organisms, particularly radiolarians, 's
and Grand Banks (Mclver, 1972). The Wyandot Chalk high (Table 15). Other constituents are mont-
is associated with the maximum Late Cretaceous morilloniti, mica, catbonate, quartz, feldspars,
transgression and with a sharp decrease of zeolites and up to 18% of cristobalite (Table 14).
terrigenous-sediment input to the shelf (Jansa and At Site 387 primary sedimentary structures and
Wade, 1975a,b). Synchronous chalk deposition compositional variations define cycle. that are
occurred on the coastal plain in central Alabama reminiscent of Bouna sequences (McCave, 1979).
(Prairie Bluff Formation, Copeland. 1969). In The base ox each cycle generally is sharp and
DSDP boreholes, chalks of this age also occur at consi:..s of (1) a relatively coarse-grained,
Site 4A near Cat Gap, and nannofossil ooze at struTt;trele unit of sponge spicules and large
Site 390A on the Blake Nose, Site 384 on the J- radiolaria foliowed by (2) a laminated radio-
Anomaly Ridge and Site 10 on the mid-ocean ridge larian rrud interial, (3) a structureless interval
flank. These occurrences indicate very widespread enriched in carbonate (nannofossils or micrite),
chalk deposition in the latest Cretaceous. The and (4) a light-colored mottled interval which
chalk on the Scotian Shelf forms a strong seismic grades into (5) a darker mottled radiolarian mud
reflector which can be followed across the shelf interval. Chert generally is formed in the upper
and down the-continental slope (Jansa and Wade, dark mottled interval, but chalcedony replacement
1975a) to the deep basin. Although seismic con- of silideous fossils in the lowermost interval is
tinuity has not been demonstrated, It is possible also common. Coarser rhythmic sEquences occur in
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Figure 15. Boreholes that have cored sediments of the Bermuda Rise Formation. Forma-
~tion thickness (metres) in parentheses. Distribution of Horizon A c (top

of cdermuda Rise cherts) is indicated (nor bounded by solid lines where
~extent is uncertain); based on Tucholke (1978). Horizon AC is truncated

__ by Horizo" AU (erosional unconformity) along the continental margin.

-* the Bermuda Rise Formation at Site 6 and possibly sequences comparable to those noted above
lat Sites 7 and 8. At Site 386 the sequences are (Tucholke, Vogt et ai., 1979). The base of this
too fine grained to-be megascopically observable, transitional zone coincides with the top of the

but they are cryptically graded (McCave, 1979). calcareous Crescent Peaks Membuer. The upper
contact of the Bermuda Rise Formation is placed atLContacts. The base of the forrnation at Site 387 the first downhole appearance of chert (Site 387,

is transitional to the -Plantagenet Formation over 223.8 m subbottom), which corresponds to seismicd
a 31 m interval beneath the lowest porcelanite. Horizon A C (Figure 24). It is overlain by
The radiolarian content is diminished in this zone gae e. fboel-ileu ly

S(Table 15), although mineralogically the transi- gae e fboei-iieu ly
tion interval is indistinguishable from the Regional Aspects. The Bermuda Rise Formation
Bermuda Rise Formation (Table 15; Koch and Rothe, has been cored on. the Bermuda Rise (Sites 387,
1979).- -Color banding is prominent but is in 386, 6, 7, end 9) eastward toward the Mid-Atlantic
somber shades atypical of the underlying Planta- Ridge (Site -10), between the Sohm and Hatteras
genet Formation, and it may reflect rhythmic Abyssal§Plains (Site 8), at Vogel Seamount (Site
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385) and on the continental rise (Site 106, Rise Formation is 153 m (exclusive of the transi-
Figure 15). It is mtssing beneath a major uncon- tion interval) at the type locality. A similar

formity under the continental rise and notably in thickness of about 130 m was encountered at Site
the Blake-Bahama Basin and Cat Gap area but was 386, also on the Bermuda Rise. Elsewhere coring
encountered at Site 28 on the Greater Antilles was too widely spaced and recovery too incomplete

Outer Ridge north of Puerto Rico (Figures 15, 22, to accurately determine the thickness (Figure 24).
24 and Table 13). Lithologies include porcelani- Multicolored clays of the Plantagenet Formation

tic chert, siliceous claystone, radiolarian mud, underlie the Berfuda Rise Formation at all sites
radiolarian ooze, siliceous calcareous ooze, and where the appropriate interval was cored (7, 9,
some zeolitic clay, silty mudstone, and nanno- 385, 386, 387 and possibly 28), except at Site 10
fossil claystone (Figure 16A). The common element where carbonates occur (Figure 22). The contact
is high silica content, except in the three last- is gradational with a gradual downhole appearance
named lithologies that are interbedded with of color banding. Biogenic silica increases
siliceous sediment or chert. Chert is charac- and zeolites decrease upward, but details of the
teristic, although it may be small in total transition have not been studied. The upper
volume. Some chert occurs in older units (Blake- contact of the Bermuda Rise Formation is defined
Bahama Formation), but these are distinct from the as the uppermost appearance of chert beds at all

Bermuda Rise Formation. Calcareous oozes with sites. This level generally coincides with a
chert beds of equivalent age (Late Paleocene seismic reflector and an abrupt decrease in
through Middle Eocene) occur at the edge of the drilling rate. The overlying unit is mainly

Blake Plateau (Site 390), in the Northeast Provi- hemipelagic mud of the Blake Ridge Formation.
dence Channel (Site 98), and on the J-Anomaly
Ridge south of Grand Banks (Site 384). The Site Acoustic Character. The top of the Bermuda Rise

C
384 cherts are probably continuous with those of Formation corresponds to seismic Horizon A at

the Bermuda Rise Formation in the deep basin, most drillsites away from the continental margin
The maximum thickness drilled of the Bermuda (Tucholke, 1979). This reflector has been corre-

TABLE 13. GEOCRAPHIC DISTRIBUTION OF THE BERMUDA RISE FORMATION IN THE NORTH AMERICAN BASIN

Region DSDP Location Top Base Thickness Age Position

Leg Site m* Core m* Core (m)

Bermuda Rise 43 387 223.8 12:1,145 376.6 23:2,82 152.8- Middle Eocene- 32-19.2-N,67-40.O'W
[-5341.8] through through 220.4 Early Eocene

444.2 27:2,148

Bermuda Rise 1 6 233-247 between 257 TD 6 >10 Middle Eocene 30050.4'N,67-38.9'W
[-5538 -5372] 4 & 5

Bermuda Rise 1 7 9-235 between 236-278 between >1 Early Middle 30°08.0'N,68017.8'W
[-5192 -5420] 1 & 2 2 & 2A Eocene

Lower Conti- 2 8 287-295 between >305 below 3A >18 Eocene 35'25.0'N,67°33.2"W
nental Rise [-5456 -5464] IA & 2A

Bermuda Rise 2 9 492-679 between 682-765 between >3 Middle Eocene- 32-46.4fN,59-11.7'W
[-5473 -56601 12 & 1A 1A & 3A** ?Senonian

West Flank, Mid- 2 10 100-167 between 185-291 between >18 Early Eocene 32*51.7'N,52-12.9'W
Atlantic Ridge [-4812 -4879] 7 & 8 9 & 10

Greater Antilles 4 28 176 3:1 between ?between >107 Eocene 20°35.2'N,65°37.3'w
Outer Ridge [-5697] 283 & 345 7 & 8

Lower Conti- 11 106 961-1012 between 1015.5 TD 8B >3.5 ?Eocene-Miocene? 36*26.0'N,69*27.7'W
nental Rise [-5461 -5512] 6B & 7B

Vogel 43 385 156 between 165 between 9-13 Early Eocene 37022.2'N,6009.5'W
Seamount [-5112] 5 & 6 6 & 7

Bermuda Rise 43 386 492 27:2,20 613-632 between -130 E. Eocene- 31-11.2'N,64-14.9'W
[-5275] 34 & 35 ?Paleocene

* khtres below sea floor. -Range-in values denotes interval without coring or recovery.
] Depth below-sea level in square brackets.

TD Denotes total depth penetrated; bottomof formation not cored.
* Core locations given by: core n' birisection,depth in centimetres.
A Drilling-brake suggests first chert at-152-m; first chart recovered at 156 m.
+ Type l-lAlitS.-
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TABLE 15. COMPOSITION OF THE BERMUDA RISE FORMATION Middle Eocene ages for this formation. The age
Based on Smear Slide Estimates (per cent; range in parentheses) range at various sites is from latest Paleocene to

Middle Eocene (Table 13). A questionable Maas-trichtian age at Site 9 may result from mixing

Clay (includes 'opal') 70 89 82 77 during coring. An anomalously young age of the
(57-81) (82-93) upper boundary at Site 106 (Oligocene-Miocene) is

Mica 1 2 . - questionable and may result from drilling con-
(0-10) tamination (Poag, 1977, p. 698).

glass At the Site 387 type locality, the age of the
formation is Middle and Early Eocene (Figure 14).

Nannofossils 6 1 5 5 At Site 386 nannofossils indicate latest Paleocene
(0-15) (0-18) to Middle Eocene ages of the formation, but radio-

Foraminifers 1 - trace larian biostratigraphy favours an Early to early(0-17) Middle Eocene age (Figure 13).

Unspecified carbonate 6 1 4 2 Depositional Environment. Sedimentation during(0-22) (0-10) this period is marked by the predominance of

Radiolarians (includes 12 2 3 12 blogenic silica over biogenic carbonate in the
porcelanite') (0-50) (0-5) deep basin below the CCD, and by a significant

Sponge spicules 2 _ _ contribution of biogenic silica in shallower,
(0-22) usually calcareous sediments. This may reflect

Diatoms 1 -strong surface circulation, upwelling, and perhaps
(0-9) cooler temperatures. The calcite compensation

depth was apparently elevated to less than 4500 m
miscellaneous 1 6 3 3 (Figure 23). On the western half of the Bermuda

N31 19 16 20 Rise and further west, sedimentation was dominatedby fine-grained turbidites probably originating
Interval () 224-377 377-444 492-539 539-613 along the North American continental margin.

Transition zone to the Plantagenet Formation. Turbidites on the Bermuda Rise were depositedprior to uplift that formed the Rise in the Middle

lated with the shallowest occurrence of cherts at to Late Eocene, and they include carbonates
Sites 6, 10, 28, 384, 385, 387; at Site 386 the derived from shallower water (Tucholke and Vogt,
top of the cherts is seismically masked by an 82 m 1979).
thick sequence of calcareous turbidites, and Sediment accumulation rates as high as 50 m/m.y.

Horizon A correlates with the top of these are occasionally indicated for the Bermuda Rise
orbin A orTesh he di b tio of Hzonc Formation at Site 387 where fine turbidites wereturbidites. The distribution of Horizon A deposited. Somewhat lower rates of about 20

defines the regional distribution of the Bermuda m/m.y. typify Site 386, where the turbidites are
Rise Formation (Figure 15). C cryptically graded. In pelagic sections (clayey-
Along the contnental margin Io'izon A is siliceous and calcareous-siliceous lithofacies)

truncated by a major erosional unconformity termed accumulation rates typically were 5 to 8 m/m.y.
Horizon A by Tucholke (1979). Drillsites in this
area (Sites 4, 5, 99, 100, 101, 105, 391) show Identifying features. The presence of chert,
that the Bermuda Rise Formation has been removed abundance of siliceous organisms, commonly
and that the Blake Ridge Formation, normally greenish- ray color, and presence of seismic
overlying the Bermuda Rise Formation, rests Horizon A at the top of the formation are dis-
directly on the Plantagenet or older formations. tinctive features of the Bermuda Rise Formation.

On the western part of the Bermuda Rise, where
siliceous turbidites form the bulk of the unit, Correlations with Other Units. Synchronous
the Bermuda Rise Formation is acoustically lami- facies on the Scotian Shelf and Grand Banks are
nated. This lamination fades out at the contact brounish-grey glauconitic mudstone with minor sand
with tne underlying Plantagenet Formation (Figure beds, nannofossi_" uarls and zeolitic claystones of
17). Elsewhere, the chert(s) form a discrete the Banquereau Foimation (Jansa and Wade, 1975a).
reflector or reverbatory sequence distinct from In the Baltimore Canyon Trough on the U.S. con-
the generally non-reflective sediments of the tinental shelf, the Paleacene-Eocene is generally
Plantagenet Formation. represented by nannofossil marls and chalks vith
Calculated interval velocities in the Bermuda variable biogenic opal content (Smith et al

Rise Formation are about 2.01 km/s at Site 387 and 1976). Dredge hauls and drilling at DSDP Site 108
1.91 km/sec at'Site 386 (including the overlying show that Early and Middle Eocene chalks and
calcareous turbidites). Shipboard measured limestones rich in silica are prevalent along theIo
velocities vary considerably, depending on the continental slope (Gibson, 1970; Hollister, Ewing
degree of sample silicification (Table 14). et aZ., 1972). Opal-rich sediments of late Early

Eocene age are also widespread along the AtlanticAge. Radiolarians, foraminifers, anhd calcaireous- Coastal plain (Hathaway et aZ., 1976) and in Cuba

nannofossils have a yieided EtA~y-to0 early (Gibson and Towe, 1971).
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Blake Ridge Formation is Late Cenozoic, with maximum development com-
monly in the Miocene. In most areas deposition of

The Blake Ridge Formation is a widespread this mud probably continues to the present. The
greenish-grey and brown hemipelagic mud. Its age formation is named for the Blake Ridge, the nor-

.ro 
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Figure 16. Bermuda Rise and Blake Ridge Formations.
A. Diatom-rich clay of the Bermuda Rise Formation with local chert frag-

ments. Overlying graded bed is calcareous skeletal sand (Leg 1-6-6:1,
113-144 cm; 250 m sub-bottom; early Middle Eocene).

B. Intraclastic chalk of the Great Abaco Member; large clasts near the
base are shallow-water limestone lithoclasts (Leg 44-391A-12:4, 25-
75 cm).

C. Intraclastic chalk of the Great Abaco Member with intervals of deformed
and burrowed, fine-grained, greenish-grey chalk at the top and base. M
Upper interval contains large clast of the greenish-grey chalk (92 cm)
and shallow-water limetone lithoclasts (Leg 44- 9lA-12:4, 75-125 cm).

D. Very hard hemipelagic mudstone of the Blake Ridge Formation with abun-
dant siliceous organisms. Note bioturbation and faint vertical cracks

(e.g. 56-60 cm), probably caused by gas expansion. From type locality,
eg II-I06B-5:4, 25-75 cm, 940 m sub-bottom; Middle Miocene.

E. Blake Ridge Formation turbidites rich in biogenic silica (33% radio-
larians, 7% sponge spicules, 1% diatoms from smear-side estimates).
Leg 43-386-15:2, 0-98 cm; 349 m below sea floor; Middle Eocene.

F. Blake Ridge Formation volcaniclastic sand; two or three coarse-sand
intervals grade up into ripple-laminated fine sand. Contains 16%
heavy minerals and 5% volcanic glass from smear-slide estimates
(Leg 43-386-13:2, 20-70 cm; 311 m sub-bottom; Middle or Upper Eocene).
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themn ridge of the Blake-Bahama Outer Ridge balite (Zemmels et at,., 1972) and is -eferrable toI system, which is constructed of this mud (Ewing the Bermuda Rise Formation.
and Hollister, 1972). At Site 106 nearly 1000 m of predominately dark

greenish-grey mud of the Blake Ridge Formation was
Type Locality. Although this unit has been penetrated (Figures 22, 24). A few intervals are

cored at numerous sites (Table 16) ntone makes a olive-grey, brownish-grey, or greenish-black. The
satisfactory ty1pE locality, because of widely upper three cores, down to 119 m subbottom, con-
spread coring in this monotonous lithology ard ti,. - .ain numerous intervals up to tens of centimeters
consequent failure to care contacts. Site 106, thick of quartz sand or silt. Minor sandy layers
Leg 11, where the maximumi thickness was penetrated also occur at 343 to 349 m, within the Pleistocene
with reasonable recovery, is designated type section. Sediments down to this depth are domi-
locality (Figure 18). The formation was pene- nantly turbidites, although coring disturbance has
trated completely at this site, and cores 7B and obscured primary sedimentary structures. Indura-
8B at the bottom of the hole (1012-1016 m) re- tion increases progressively with depth from soft

covered cherty zsudstone that contains 55V% Cristo- plastic mud at the surface, through firm semi-

TABLE 10. GEOGRAPHIC DISTRIBUT1ON OF HL. BLAKE RIDGE FORMATION I\ THE NORTH AMERICAN BASIN"C

Region DSDP Location Top *o 4D ase 0Thickness Age Position
Leg Site m Coe m, Core (in)

Lower Conti- 11 106**+ 0 1 951-1012 between 961-1012 E. Hiocene-Holocene 36*26.0'N,69*27.7UW
nental Rise 1-4500) 6B & 7B

Bermuda Rise 1 6 >15 above IA 152.1 2:1,0 >137 overlies Middle Eocene 30-50.4-11,67-38.9-W
(-5140)

Bermuda Rise 1 7 0 1 9-235 between <235 Pliocene & older 30-0B.0-N,68-17.8-W
( -51851 1 & 2

Lower Ccnti- 2 8 <176 above 1 287-2S3 between >111 overlies Early Eocene 35*23.0'N.67*33.2'W
nental Rise 1-53451 IA & 2A

Bermuda Rise 2 9 202 7:1,90 492-679 between 290-477 Miocene?-Pliocene? 32-46.4'N.59ll1.7'W
(-5183] 12 & IA

Bahama Outer 11 101 <32 above 1 'Q230*** between 198-230 Early Pliocene- 25-l1.9'N.74-26.3'W
Ridge 1-4900) 3A & 4A Late Miocene

Blake Outer 11 102 0 1 661 TD 19 >661 Pleisocene/Holocerne- 30*43.9*11,74*27.1lW
Ridge 1-3426) Late Miocene

Blake Outer 11 103 0 1 449 TD 7 >449 PleistocenelHolocene- 30*27.1'N.74*35.0'W
Ridge 1-39641 Middle Miocene

Blake Outer 11 lCi 0 1 617 TO 10 >617 Pleistocene/flolocene- 30*49.7'N,74*19.6'W
Ridge 1-38111 Middle Miocene

Lower Conti- 11 105 0 1 193-241 between 4l93-24l Pleistocene/Polocene- 34*53.7'N,69*10.4'W
nental Rise 1-52511 4 & 5 Miocene

Nashville 43 382CC <51 1 352 15:5,22 301-352 Pleistocene-Early 34*25.0'N,56*32.3-W
Seamount [-5578] Miocene

Vogel Seamount 43 385 <22 1 156 between 134-156 Pleistocene-Early 37-22.2-.60-09.5-W
(-4978) 5 & 6 Miocene

Bermuda Rise 43 386CC 60 1:6,15 492 27:2,20 432 Late Miocene-Early 31l1.2'H,64*14.9'W
1-4843] Eocene

Bermuda Rise 43 387 <32 1- 224 12:1,145 188-224 Pleistocene/Bolocene- 32-19.2-N,67-40'U
[-51501 Middle Eocene

Lower conti- 44 388** 0 IA 341 TO 11A >341 Pleistocene-Middle 35-31.3-N.6923.8'W
nental Rise 1-4920] Miocene

Blake-Bahama 44 391CC 0 1 649 between 649 Pleistocene/Holocene- 28*13.7'N,75*36.9'W
Basin [-4964) 20A & 21A Early Miocene

* Metres below sea-floor.--Range In values denotes interval without coring or recovery.
[I Depth below-sea level in square brackete.
TO -Denotes total depth penetrated;- bot to=-of-formation not cored.

I Core locations are given by: core number~section,depth in centimletres.CC Includes Intervals with appreciable ,uiss-flow deposits;- these "-e also tabulated separately in Table 18.
*C Based on seismic reflector and alight-bre-ak fin drilling rate. Interval 203-250 m not cored; core at 250 a is "intermediate between

-bem!Relagic muds and carbonaceous clays" 1[Htteras Formation] (lollister, Ewing, and others, 1972, p. 109).
A Drilling brake in corer 5-suggeits frist-ch~erc'_encountferid at -152 a.
+ Type locality.-

JANSA 39



6 AT

1.7 -_ 4: - XPLANT-

11X
CSE 0570 I CSE 1990

9 V1.~AT'

Figure 17. Seismic profiler record just northwest of Site 337 on the western Bermuda

wRise, showing major reflectors and correlation with formations described

in the text.

BLAKE RIDGE FORMATION

40" BLAKE RIDGE F'M COREDW 40*
10BLAKE RIDGE I'M TYPE SECTION
I -2000M ISOBATII

:105 *8
(193-241)

.B7 *ERMUDOA
3879 (M9-477)

661) (188-224)
1 102 104 6 .386

A-449) 7 .090

Figre18 Bre~j~s~tathae ord seiint o te lae ide orato)
0391o tikeb(mte)i prnhs

40 JA2(649)



- = li

plastic mud at 345 m and very firm, slightly The uniformity in composition of the formation
fissile mud at 450 m, to hard mudstone at 940 m. is indicated in Table 17. Quartz content is
The average mud is silty clay with about 68 per remarkably uniform despite minor variations in
cent clay (Table 17), but the upper part of the graia size, except at Site 388 which is anoma-
formation which contains sand beds has about equal lously quartz rich and at Bermuda Rise Sites 386
proportions of sand, silt, and clay. Sedimentary and 387 which are clay rich. Feldspar content is
components in order of decreasing abundance are fairly uniform, but is consistently high at Site
mica, quartz, carbonate, kaolinite, montmorillo- 391 (a high average value at Site 105 reflects a
nite, and feldspar (Table 17). Siderite was noted single sample of terrigenous sand). Carbonate
throughout the bottom half of .the interval in content is higher in samples from the relatively
shipboard descriptions, but was not reported from shallower Blake Ridge (Sites 102 to 104), Bahama
X-ray mineralogy studies (Zemmels et aZ., 1972). Outer Ridge (Site 101) and Blake-Bahama Basin
Calcareous nannoplankton are common in most (Site 391). This may reflect combination of (1)

cores. Radiolaria, sponge spicules, and dino- higher productivity of surface waters at the lower
flagellates occur sporadically throughout, fora- latitudes, (2) detrital carbonate input from
minifera are rare except in the turbidite interval nearby carbonate platforms, and (3) lack of dilu-
near the top of the formation. tion by terrigenous components. Calcareous nanno-

Sedimentary structures include burrows, irregu- plankton are abundant at all sites. Foraminifera
lar bedding, and lighter lenses that contain more are abundant in continental-rise sites but are
foraminifers and calcareous nannofossils. Pyrite rare and show the effects of dissolution in cores

and siderite line some burrows and form lenses or fror the abyssal plains. Mica content generally
nodules. The most common structures are burrow- decreases away from the North American continental
like coalescent spongy voids and vertical frac- sh-If, the most likely source area, but chlorite
tures which occur in the lower half of the forma- fails to show a parallel trend. Both minerals
tion and result from gas expansion during core also are relatively abundant at Bermuda Rise
recovery (Hollister, Ewing et aZ., 1972). Most Sites 386 and 387. Montmorillonite is very abun-
cores in this interval contained appreciable C02 , dant at Bermuda Rise and New England Seamount

I H2S, and CH4 . However some fractures are lined sites (382, 385), reflecting local volcanigenic
with siderite suggesting vertical gas migration or source rocks. It is more abundant in older

expansion in situ. samples at most sites. Zeolites are common in the
upper part of the formation at Sites 386 (above

Contacts. The lower contact of the Blake Ridge 155 m) and 387 (abive 100 m). Siliceous fo3sils
Formation at Site 106 is within a 50 m uncored are rare in younger samples at most sites, but

4interval (961-1012 m). A subtle color change increase in abundance with depth, especially at

across this interval from dark greenish-grey Site 387 below 100 m. Thus, minor variations in
(5G4/1) to greyish-green (1OG4/2), a reduction in composition occur in the formation due to the
terrigenous components (Tables 14 and 17), and effect of provenanee, productivity and sediment
appearance of cherty siliceous sediments mark the distribution.
change to che underlying Bermuda Rise Formation. Natural gas was detected in cores from all sites

Two lines of evidence suggest that the Blake Ridge on the continental rise (102, 103, 104, 106, 388),
RFormation unconformably overlies the Bermuda Rise but was not noted in abyssal plain and Bermuda

Formation at Site 106: (1) the Horizon AU uncon- Rise sites.

formity can be traced to the site at about 100C m The thickness of the Bermuda Rise Formation is

subbottom, and (2) it is likely that cores 7E and generally 200 to 300 m in the North American Basin

8B from the Bermuda Uise Formation (1012-1015 m) (Table 16), but increases markedly on thc con-

are of Eocene age, thus requiring either severely tinental rise to 1000 m (Site 106) and more

reduced sedimentation or a hiatus in the internal (Figures 22, 24). Except for local thin units the

961 to 1012 m subbottom. The upper contact of the formation is absent in the Cat Gap area where

Blake Ridge Formation at Site 106 is at the sea erosion has exposed rocks as -old as Early Creta-
floor. ceous at or near the sea-floor (Figure 22).

In the central part of the basin the Blake Ridge
Regional Aspects. The Blake Ridge Formation Formation overlies chert of the Bermuda Rise

shows little lithologic variation throughout the Formation with no detectable hiatus. Along the
North American Basin, except where hemipelagic continental margin underlying formations are

sedimentation was interrupted by debris-flow beveled by a regional unconformity (Horizon AU
deposits or turbidites. Color is generally dark and the Blake Uidge Formation unconformably over-

greenish-grey but notable differences sometimes lies older strata. For example at Sites 105 and
A occur. At Sites 6 and 7 color is brown, olive, 391 it rests on the variegated Plantagenet Forma-

I and dark yellowish brown, and at Site where the tion and at Site 101 it overlies the Hatteras
top 100 m is light brown or yellowish brown and Formation.

a the base is pale olive to yellowish grey. A few The top of t1 formation is at or near the sea

yellow-brown bands-were-encounteredat Sites 9 and floor at all localities. In many places the
386. These lighter colors commonly are found near formation is capped by a unit of Pleistocene and

the Bermuda Rise. Holocene nannofossil-foraminifera ooze or marl
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ranging from a few decimeters to a few meters in drilliltg disturbance. Graded beds are common at

thickness. Some exceptions, such as Site 386 Site 382 and probably at Site 383, where they are
where the oozes appear to be 60 m thick, may be Pliocene and Quaternary age. Seismic profiles
due to inadvertent recovery of near sea-floor across all four of these sites show flat-lying,
sediments when spudding in the hole. However, closely spaced reflectors either regionally dis-
Pliocene-Pleistocene oozes up to 200 m thick tributed or in sediment ponds. Near the base of
probably overlie the Blake Ridge Formation at Site Blake Ridge Formation graded beds of terrigenous
9. silt or sand mixed with calcareous and siliceous

debris were cored at Sites 6, 8 and 387, on or
Mass-Flow Deposits. The most striking regional near the Bermuda Rise. The beds are mostly less 3

variants of the Blake Ridge Formation are ter- than 10 cm thick. These turbidites are Middle to
rigenous, volcaniclastic, siliceous and calcareous Late Eocene in age and were deposited prior to
turbidites and carboaate breccies described later uplift of the Bermuda Rise.

4
as a formal mewber. Biogenic siliceous and f'alcareous turbidites
Terrigenous sand and silt are most connvon at with less terrigenous debris also are common at

Sites 106 and 388 on the continental r-se and at Site 386. Because this site was drilled in the
Sites 382 and 383 in the Sohm Abyssal Plain center of a fracture valley, it has accumulated
(Tables 18, 19). At Sites 106 and 388 sandy large volumes of debris shed from the adjacent
sediments form the tor of the formation and con- basement peaks, and is likely that this typifies
tain a mixed foraminiferal fauna indicating sediments of the Blake Ridge Formation that were
Pleistocene age. Individual sand intervals are up deposited in other fracture valleys. The tur-
to 2.5 m thick. Sedimentary structures and bidites at Site 386 range in age from Middle
grading were not observed, because of intense Eocene to Early Miocene, and although some are

TABLE 17. IARACTERISTICS OF TE BLAKE RIDGE FO I ITIOS (EXCLUSIVE OF :ASS FLO1. ZERVALS - SEE TABLE 18)

Leg Site Grain Size CarbonCarbonate Mieralogy (X-ray Diffraction*) Porosity Sonic
N Sand SlIt clay N CaiO3  Organic N Quartz Feld- Car- Kaoi- 11ca Chtorite Monmr- % % Velocity

spar bonat nite Illonite N kWIs
(total)

4
1. 106

+  
16 0.3 31.5 68.2 34 7.9 0.52 7 26.6 5.3 6.6 5.0 37.1 2.9 17.7 5 52

10. 0 10.0 ±10.1 . !8.0 !0.16 !2.7 ±6.1 =7.0 i2.3 t5.6 !0.7 !12.6 ±4.9

1 6 10 0.4 8.3 91.3 12 3.7 0.14 27 26.8 9.1 0.4 18.9 16.2 4.6 20.8
±0.54 i3.1 !3.1 ±5.2 !0.13 ±9.8 -4.1 ±1.1 :7.4 !6.6 !6.6 !17.3

1 7 4 0.1 9.2 90.7 1 1.7 0.1 8 31.4 6.1 2.2 26.6 26.1 0 0
-0.05 -1.7 ±4.8 ±4.1 ±2.0 !3.3 :4.3 :4.3

2 8 0.5 48.9 50.6 0 - - 1 25 9 0 15 16 0 34

2 9 16 0.1 7.8 92.1 6 2.5 0.7? 31 24.8 3.3 0.3 18.4 14.7 0.6 37.4
!0.3 ±2.8 :2.8 !3.3 !0.05 !4.7 :3.5 ±1.1 i5.6 ±4.2 t2.5 t13.0

1 IGl 22 1.6 34.7 63.8 22 1,.6 0.64 5 27.3 11.2 19.3 7.4 19.5 2.5 9.7 22 60.8
!4.3 !4.5 !5.3 7.5 ±0.13 i6.2 !6.3 ±6.3 !1.7 :14.7 ±0.9 ±3.9 ±5.5

i 102 41 0.9 29.3 69.8 77 17.8 0.58 19 22.4 9.0 22.7 5.1 31.0 2.7 6.1 67 53.9
±0.9 -10.5 :10.4 ±8.6 :0.19 :2.2 t&.2 t6.7 t2.6 :6.0 :1.7 !6.1 :9.4

11 103 26 1.2 34.1 64.7 26 15.1 0.48 10 29.4 7.9 16.8 6.1 30.4 2.9 5.9 24 60.3
t2.0 ±10.7 !11.6 t13.1 t0.22 t4.6 ±2.7 ±12.0 t2.6 !5.8 !3.4 !4.4 ±7.7

11 104 38 0.4 23.2 76.4 .2 1;.2 0.63 11 26.6 6.6 17.2 8.4 29.1 0.3 7.1 37 64.2
!0.97 :18.6 t10 0 ±9.8 :0.27 -5.5 5.2 ±10.7 ±3.2 ±4.8 ±1.0 ±2.2 i&"

11 1e5 12 0.4 32.4 67.2 13 9.3 0.22 3 25.2 19.6 0.7 -3.4 31.2 3.2 7.5- 13 :3.3
!0.5 t1.6 ±12.0 ±10.2 !0.01 ±1.0 !19.3 !7.5 ±3.0 ±/.2 :6.9 ±6.9 !8.2

43 382 16 8.7 0.25 2_2 26.6 8.6 1.9 3.9 19.2 3.4 36.4 15 53.7 i5 1.64
±9.0 :0.13 ±11.2 t6.2 ±3.1 z1;6 !11.5 ±.0 125.1 ±6.4 80.03

43 385 5 1.2 0.24 6 18.8 5,8 0 4.9 9.6 1.4 58.3 8 74.8 1 1.53
±1.8 ±0,08- t7.9 ±.7 1.8 t4.8 :0.9 t9;2 ±4.5

43 386 3 2.4 16.8 80.8 5 7.8 0.14 5 12.2 3.6 19.3 2.76 16.7 1.3 49.2 3 62.4 2 1.55 5
±4.0 !17.0 :21.2 :13.8 ±0.05 ±5.2± 2.3 ±15.7 4.3 7.7' 2.3 t14.4 i4.6

R; I7 2 4.8 13.0 82.2 9 0.4 0.17 9 9.8 2.9 3:2 4.9 19;8 1. 57.F 10 69.4- 3 1.57
!0.3 - ±0.07 t4.0 ±1.O ±6.6 :5.0 !7.5 !1.8 ±11.3 ±4.4 :0.04

44 388 12 j.45 24.8 76.8 26 1.5 0.38 12' 46.5 16.8 4.6 6.9 18.3 0.7 7.1 14 53.9 22 1.59
±0.61 ±5.0 !5.0 :1.1 !0.10 i10.5 :2.6 ±9.2 !1.3 -3.4 Z1.2 12.3 ±6.2 :0.17

44 391 8 0.4 26.4 73.2 12 13.8 0.33 9 29.8 23.2 24.9 5.0 13.6 1.8 0.8 4 46.5 8 1.50
-0;3 16.4 ±6.3 ±-7.4 :0.06 i6.0 ±8.0 213.6 :2A4 -i6.4 :2.4 ±1.2 :8.0 :0.02

* analysis-of bulk-saples- -
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TABLE 18. GEOGRAPHIC DISTRIBUION OF THE GREAT ABACO MEMBER AND OTHER DEBRIS-FLO. AND
TURBIDITE DEPOSITS WITHIN THE BLAKE RIDGE FORMATION IN THE NORTH AMERICAN BASIN

Region DSDP Location Top Base Thickness Age

Leg Site m* Core L * Corea (m)

Blake-Bahama 44+ 391A 147 3:1.150 649 between 502 Early-Late
Basin (-5111) 20 & 21 Miocene

Bermuda Rise 1 6 161-190 between 250 6:2 >60 Hiddle Eocene

1-5286- -5315) 2 & 3

Lower Conti- 2 8 177-254 between 288 between - Eocene
nental Rise (-5346- -54231 1 & 2 IA & 2A

Lower Coati- 11 106 0 1 119-187 between '119 Pleistocene
nental Rise [-45001 3 & 4

Nashville 43 382 O-sl 1 232 5:1,130 181-232 Pleistocene

Seamount [-5527- -55781

Bermuda Rise 43 386 155 4:5,110 490 27:2,20 335 Late Oligocene-
(-49381 Early Eocene

Bermuda Rise 13 38? 378 7:3,20 224 12:1,145 46 Middle Eocene
I-j296)

Lower Conti- 44 358A 0 1 53-208 between >33 Pleistocene
nental Rise [-49201 3 & 4

Metres below sea floor. Range in value denotes an interval without coring or recovery.
11 Depth below sea-level.
a Core locations are given by: core numer:section,depth in centimetres.
+ Great Abato .Member type locality.

cryptically graded they commonly exhibit the a radius of about 150 km around Bermuda (Horizon
rhythmic progression of sedimentary structures AV; Tucholke and Mountain, 1979), and they eventu-

previousjy described for the Bermuda Rise For- ally may merit formal member status. Site 386 is

mation at Site 387. the hypostratotype for this variant of the Blake

Site 386 also cored a 160+ m sequence of Late Ridge Formation.
Eocene to Oligocene volcaniclastic-sand turbidites
derived from weathering of the Bermuda volcanic Acoustic Character. Along the continental
pedestal. Although cored at only one site, these margin Horizon AU marks the base of the Blake

deposits can be traced in seismic profiles within Ridge Formation. Farther seaward where this

TABLE 19. CHARACTERISTICS OF THE GREAT ABACO MEMBER ,, D OTHER ITERVALS OF TURB:DITES AND DEBRIS-FULO DEPOSITS WITHIN I.ArKE RIDGE FORMATION

Leg Site Interval Grain 
5

ze Carbon nieralogy (X-ray Diffraction*) Porosity Velocity
Top Base N Sand Silt Clay N CaCO 3  Organic N Quartz Feld- Car- Kaol'- Hica Chlo- Montuor- N 2 q ka/s

spar bouate nice rite illonite
(total)

44 391A
+  

147 649 20 5.0 44.0 51.0 42 60.3 0.5 24' 1.75 98.25 27 50.3 32 2.03
±2.0 ±14.5 ±0.51 02.8 ±0.05 ±1.0 ±1.0 ±9.8 !0.5

.2 0 28.5 2.5 27.7 3.5 b 8 1.0 15
±13.5 i5.3 :27.5 t2.4 ±8.4 3.2 !17.8

1 6 190 250 10 14.1 26.0 59.9 9 22.6 0.2
z23.2 ±14.8 !23.3 114.3 ±0.1

2 8 254 288 6 3.4 50.5 46.1 1 ?.4 O.1
=1.9 ±16.0 ±15.O

11 106 0 119 S 33.4 27.6 39.0 11 12.1, 0.4 10 56.6
i31.2 -9.3 ±23.7 ±11.8 ±0.2 ±11.4

43 382 51 232 1 9.7 0.4 NO DATA AVAILABLE 7 55.6 5 1.58
i9.2 t0.06

43 386 155 490 15 22.9 39.5 37.6 33 18.1 0.3 39 50.9 36 1.88
28.7 14.9 19.5 16.1 0.26 ±13.9 10.26

43 387 178 224 4 2.2 37.4 60.4 9 6.7 0.1 7 65.8 7 1.63
1.6 5.0 4.2 8.6 0.1 !6.9 !0.10

44 388 0 51 6 6.58 33.5 59.9 6 20.2 0.2 5 61.34 4 1.55
±10.37 693 ±15.16 ±13.0 ±0.11 !5.01 ±0.067

+ type locality -

A cablk intracla.t
clayey atrix
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_ _

unconformity does not cut into the Bermuda Rise permitted the preservation of calcareous fossils.
Formation, the base of the Blake Ridge Formation Abyssal currents have had a strong effect in
correlates with Horizon A. One exception occurs transporting, eroding, and depositing sediments of
at Site 386; here Horizon A

C is within the base of the Blake Ridge Formation, in contrast to their
the Blake Ridge Formation and at the top of a limited role in deposition of older formations.
sequence of calcareous turbidites overlying the The effect of currents is most pronounced along
Bermuda Rise cher:s. the deeper part of the continental margin, as

The general acoustic character of the Blake indicated by variations in sediment accumulation
Ridge Formation in seismic profiles is highly rates at Sites 101 to 106 (Table 20), marked
variable. The formation ranges from acoustically thickness variations (Table 16), and the formation
non-laminated (Site 9) through laminated (e.g., of depositional outer ridges (Heezen et al.,
Sites 102, 103, 104) to very strongly laminated, 1966; Ewing and Hollister, 1972; Tucholke and

flat lying beds (e.g., Site 106, 383). 7he Ewing, 1974).
a The Blake Ridge Formation comprises the bulk ofacoustic character is a direct indicator of

vertical and lateral lithologic inhomcgeniety of the present continental rise and therefore is
the formation. Sound velocities in thi:se sedi- extremely thick (2-3 km) in this region (see
ments range upward from about 1.5 kni/scic, average Figure 5 of Grow and Markl, 1977). The large
about 1.7 km/sec, and may reach as high as thicknesses result from proximity to terrigenous
2.5 km/sec depending upon formation thickness. sources and from the activity of contour following

bottom currents. These currents have pirated
Ae. Most of the Blake-Ridge Formation re- sediment from cross-contour debris flows and

covered from sites to date is of Miocene age, turbidity currents and have transported it later-
largely because sampling has been biased toward ally, along contours (Hollister and Heezen,
the continental margin where Upper Eocene and 1972). Thus a large volume of sediment has been
Oligocene sediments have been eroded. At the Site deposited on the continental rise that otherwise
106 type locality, the formation ranges from Early would have been transported beyond the rise to the
Miocene to Holocene (Figure 19). Farther seaward deep basin.
the formation overlies the Bermuda Rise cherts and Much of the sediment in the Blake Ridge For-
therefore is Middle Eocene and younger (e.g., mation was deposited directly from turbidity
Sites 386 and 387; Figures 13, 14). At most of currents. At the Site 106 type locality, ponded

these sites the top of the formation is Pleisto- turbidites derived from the continental shelf
cene and is capped by Quaternary calcareous oozes, during Pleistocene low stand of sea level form the

but at Site-9 the formation extends only to the upper part of the formation (see Figure 20 of
Early Pliocene and is capped by Upper Pliocene and Tucholke and Mountain, 1979). Similar turbidites
Quaternary oozes. occur in the Sohm, Hatteras, Nares and Silver

Abyssal Plains. The mixed terrigenous and bio-
Depositional Environment. The greenish-grey mud genic graded beds of Eocene age at the base of the

of the Blake Ridge Formation was probably depo- Blake Ridge Formation also were deposited from
sited under conditions similar to those which now turbidity currents presumably originating along
prevail in the North American Basin, particularly the continental margin, but they entrained large
since turbidite deposition appears to have been volumes of pelagic material enroute to their
sharply reduced since the Pleistocene. Deeper depositional locality. Turbidite deposition on
areas lay below the CCD and only rapid deposition the western Bermuda Rise ceased when uplift formed

the rise in the Middle to Late Eocene. Locally
redeposited or "pelagic" turbidites probably were

Womnn in areas with ir-regular morphology. Facies
ie variants were also introduced by locally signifi-

cant sediment sources (i.e., the volcaniclastic
turbidites surrounding Bermuda).

,. Sediment accumulation rates (Table 20) varied by

an order of magnitude in different time intervals
at individual sites, and equally large between-
site variations occur among sediments deposited

_.____ during the same time interval. These variations
reflect changing pazterns of provenance, pro-

, -MA * .. ductivity, bottom currents and sea level fluc-
iz_ .... tuatiors. Fluctuations in turbidity-current

CU _______activity are of prime importance at Sites 106,
386, 387 and 388, but equally large variations in

_ _"_ _ _accumulation rate at Site 102 to 104 are attri-
buted to interactions of contour currents with

Figure 19. Multiple biostratigraphy of Site 106 their cwn depositional topography (Ewing and
tipper continental rise. Hollister, 1972). The maximum accumulation rates
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TABLE 20. SEDILN1T ACCJMtLATION RATES FOR 5I.AXE RIDGE F xOLMTI rzdiolarians, and sponge spicuies. The mud'-tones
- are lithologically similar to Eocene-Oligocene

Leg Sire Rate Interval Age Remarks radiolarian mud of th~e Blake Ridge Formation at
(a1106 (. sub-
yrs) bottou) Site 387, but unlike the more comsmon hemipelagic

mud. The Uipper Tertiary siliceous; muds'-ones on
11 106 200 1-366 Pleistocene Terrgenous the shelf reflect cooling of the shelf water.

43 36-91 licneMid ite This did not influence the eastern margin o~f the
North American basin where yellowish-brown nanno-

2 8 11-17 0-177 Middle Mocene(?) Recalculated fossil and foraminif..ral oozes were deposited
and younger contemporaneously (lower flank of the Mid-Atlantic

2 9 21 200-19 Pliocene?- Includes under- Rldge, Site 10 and 11, Peterson, Edgar et al.,
Late Miocene? lying chert 1970). In the Baltimore Canyon Trough region on

11 101 23 32-230 Early I'liocene-Lace Miocene the continental shelf (COST B-2 well) the Oligocene-
11 102 137 0-224 Pleistocene Miocene section is 1000 m of fine-grained sand-

90 224-585 Pliocene stone interlayered with clay whi.ch increases with
25 585-641 Late Miocene depth from about 25 percent to 60 percent (Rhode-

11 103 26 2-47 Early-Middle PALocene hamel, 1977). Diatoms are abundant in the lower
193 47-41.9 Middle-Late Mocene 400 m of the interval (Poag, 1977). Facies that

11 104 18 5-71 Late Miocene are coeval with the Blake Ridge Formation else-
95 71-315 Middle-Late Miocene where along the U.S. continental shelf include

195 315-617 Middle Miocene such diverse lithologies as terrigenous gravels,
11 105 17 0-193 Miocene-Holocene sands, silts, clay's and calcareous sands; admix-
43 382 120 0-232 Quaternary Terrigenous tures of biogenic calce te and silica are highly

turbidites variable (Hathaway et al., 1976).
6-8 232-352 Miocene-Pliocene Probsbl, hiatuses

In sequence

43 385 6 0-134 Pleistocene-Late Miocene ~
43 386 3 <53-157 Miocene

45 15'-? Late Olitc-ene- Calcareous and
Late Eocene volcanic turbidites-

19 166-319 Late Oligocene- Volcanic turbidites
Late Eocene/

47 319-409 MIddle-Late Eocene Biogenic siliceous A*50MlIS

IN26 409-492 Middle Eocene tusbidi eus *ubdie S~r -' eTT

43 387 4 0-100 Pleistocene-Oligocene F-zn ~.
8 suu,-178 Late Eocene I-~ rni tin)

-100 178- 24 Early Eoce~kt Biogenic siliceous I ?&ml-rcssl
turbiditesI

44. 388 45 0-53 Pleistocee Terrigenous

30 208-341 Middle-Late Mioe.'-e (npr)L

44 391 90 0-147 Quaternary
09 147-20. Late Miocene IncraCla2c..L chalk /

43 20.4-4.00 Middle Miocene Incraclastic chaiR /
H39 400-649 Early Miocene Intraclascic

a~ K - 8455.I

calculated for turbidity-current and bottom- t~
current deposition (Sites 106 and 104, respec-
tively) are nearly identical at 200 mim.y.

Identifying features. The predominantly darkI

greenish-gray color of the hemipelagic mud, commnon
terrigenous components, low irduration, and '
frequent occurrence of turbidites and mass-flow .*-Z
deposits are the most characteristic features of I '~

the Blake Ridge Formation.

a tiary. sediments marginal to the North American .

Basin are terrigenous, siliceous, and calcareous
*deposits more strongly variable in composition Figure 20. Location of borehole and piston cores
pthan the Blake Ridge Formation. On-the Scotian that have cored Great Abaco Member, and
*Shelf and Grand Banks, the Oligocene and Miocene the distribution of seismic Horizon H

rocks-are dark yellowisha-brown and brownish-grey which occurs near the top of the Great
siliceous -mudstones of the Banquereau-Formation Abaco Member (thickness in metres inU(Jansa and Wade, 1975a), commonly with diatoms-, pareutheses).
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Great Abaco ?lemL & Site 391 Corresponds to the Horizon A , which is
an unconfornity at this location. A reflector

Massive intervals of intraclastic chalk charac- termed M lies 60 m below the top of the member

terize the Great Abaco Member of the Blake Pidge (Figure 6). A second seismic reflector occurs
Formation. Great Abaco Canyon, which leads from within the member. It correlates with the top of
the Blake Plateau into the Blake-Bahama Basin, may thick intraclastic chalks beneath an interval ol
have served as a conduit for debris flows which radiolarian mudstone at about 355 m sub-bottom.
deposited the intraclastic chalk and related The Abaco Member can be traced through most of the
sediments. Blake-Bahama Basin by its series of smooth,

closely-spaced internal reflecrors.
Type Locality. This member has been drilled Calculated interval velocities are 2.50 km/s

only at Site 391 which is necessarily the type between M and the intermediate reflector and
locality (Table 18), but it constitutes a mappable 2.25 km/s between the intermediate reflector and
unit because it can be traced seismically through- Horizon A (Figure 5). The average shipboard
out the Blake-Bahama Basin. The validity of velocities measured on cores for these intervals
seismic correlations has been verified by piston are 1.82 km/s (range 1.66 to 2.24) and 1.87 km/s
cores at several localities where the unit is near (range 1.65 to 2.36).
the surface (Figure 20; Sheridan et al., 1974).
Light-grey nannofossil chalk containing intra- Age. Based on study of radiolarians, nanno-

clasts of dark greenish-grey, olive-grey, or fossils, and foraminifera, the Great Abaco Member
bluish-grey radiolarian mudstone is the charac- is Early Miocene to Late Miocene (Figure 21).
teristic lithology of the Great Abaco Member Detailed analysis cf both the intraclasts and the
(Figure 16C). A few intervals of intraclastic matrix show that many intraclasts belong to the
chalk also contain lithoclasts of shallow-water same blozones as the matrix which encloses them.
limestone (Figure 16B). Interlayered with the The matrix also contains reworked Cretaceous and I
massive chalk are several contrasting lithologies: Eoccne foraminifera from contrasting depositional
(1) white, uniform carbonate silt (at the top of environments (shallow and deep water; Benson,
the member), (2) dark olive-grey radiolarian Sheridan et al., 1978). I
mudstone identical to intraclasts in the chalk,
and (3) thin, graded beds of claystone intraclasts Depositional Environment. The radiolarian
with erosional bases and partial Bouma sequences. mudstone that forms interbeds and contributes most

Nannofossils occur in osy of these lithologies. of the clasts pparently represents the background
Radiolarians and diatoms ar. abundant in the sedimentation and was deposited under comparable

mudstone layers and intraclists. Foraminifers were environments to the green-grey mud o! the Blake
found in the chlk matrix wil the carbonate silt Ridge Formation. The other sedimentary components
and include both planktic arv benthic forms from were probably deposited from turbidity currents
shallow and deep-water environments ranging in and debris flows. The matrix of the intraclastic
age froma Cretaceous to M~iocene- chalk is predominantLy of pelagic origin but was
Sedimentary structures in the intraclastic chalk derived from a va,'i ty of older unconsolidated

include a few cut-and-fill surfaces, low-angle units and contewocaneous oozes originally depos-
inclined laminae, graded intervals and rare ited in shallower water. Shallow-water sources
burrows. The carbonate silt and radiolarian also contribute, corsolidated and .mconsolidated
mudstone are structureless. clascs. The in6icazed sources are the BlakePlateau and escarpment for the pelagic compor*ets

Contacts. The upper cantact of the member is at and the Bahama platform for shallow-water car-
147 m suhbottc where the green-grey mud of the bonates. Flows , :ginating at these sources
Blake P.1ge Formation is underlain by white, incorporated unlithified clasts of hemipelagic mud
uniform carbonate silt (97 percent CaCO3). The from the basin fltor. Sediment accumulation rates
lower -.;tact is at 649 m subbottom (Table 18). of 9 m/m.y., 43 n/m.y., and 39 m/m.y. were cal-
Here lit :-grey chalk unconformably overlies a culated for intervals corresponding roughly to

thiin intervl of rusty-colored variegated clay- late Middle and Early Miocene (Table 20).
storeinf'the Plantagenet Formation.

Summary
Regional Aspects. Seismic profiles indicate

that the 500 m thickness of the Great Abaco Member Six formations and two mezbers are formally

_ cored at Site 391 is fairly constant throughout defined in the Mesozoic and Cenozoic sediments of
the Blake-Bahama Basin. However, the member the North American Basin. Drill-hole and seismic
pinches out abruptly at the margins of the basin, dat4 are adequate to specify the lithofacies,
probably against the normal dark greenish-grey contacts, regionzl aspects, acoustic character,

muds of the Elake Ridge Formation. Dispersal of physical properties, ages, and dapositional envi-
debris flows was apparently confined by the Blake- ronments. In this paper we have compiled theseBahmm Outer Ridge. parameters, but have avoided-detailed discussion

of depositional conditions because -of space linita-
Acoustic Character. The base .f the member at tions. The reader is referred to Tucholke and
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ZI SILICO-
SE AGE NANNOFOSSILS NANNOFOSSILS FORAMINIFERS RADIOLARIANS FLAGELLATES
9 SCHMIDT BUKRY GRADSTEIN WEAVER AND

0 CORE NO (1978) (1978) (1978) | BKRLU78
u- ( 1978 )

QUATERNARY QUATERIARY QUATERNARf

7 QUATERNARY G .oceanka NN20 Goceanrca(lower part) (G. trncatulin. N22-23 L. hayii

P lacunosa NN19) C. doronhcoides G. calida N22-23){/."/ " -'; ; (pper Part)

.- LATE MIOCENE L AIF MIOCEN
LATE MIOCENL (D.uigueramus NN i MI

0. quinqueranus ( pei ot-i, ,; F

LAE-MIDDLE MIOCENE (lower Part) MIDDLE MIOCENE
1'~ - (0. calcarls (NN 10) - (S. subdehiscens N13) MIDDLE MIOCENE
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ILTIIPLE BIOSTRATICRAPHY OF THE UPPER CENOZOIC HEMIPELAGIC SEDIMENTS IN SI-E 391, HOLE A, BLAKE-AHADA BASIN.

Figure 21. Multiple biostratigraphy of Site 391A located in Blake-Bahama Basin.

Mountain (1979) in this volume for broader dis- Barremian age. The Hatteras Formation consists of
cussion of paleoenvironments based on both seismi, green-grey and black shale and claystone of
a:zactgraphy and lithostratigraphy. Barremian-Cenomanian age and commonly has a high _

The distribution of sedimentary formations content of organic carbon derived from terrn-
within the North Americtn Basin is shown on a geneous and marine sources. The overlying Planta-
scriematic geologic cross section, which parallels genet Formation is varicolored, locally zeolitic _

the continental margin from south to north (A-B on clay of Late Cenomanian to Paledcene or Early
Figure 22) and auts the basin latitudinally from Eocene age. Low accumulation rates and local
the North American margin toward the Mid Atlantic enrichment in metallic ions are notable charac-
Ridge between (B-C). The oldest formation defined teristics of this unit. Within this formation
in the North American Basin is the Cat Gap Forma- Middle to Upper Maastrichtian marl and chalk of
tion. It consists of reddish-brown and greenish- the Crescent Peaks Member correlate with seismic
grey pelagic argillaceous limestone of Oxfordian- Horizon A*.
Tithonian age and occupies the western part of the The two formations which comprise most of the
basin on crust older than about anomaly M-23. It Cenozoic sodiments are the Bermuda Rise and the
is mappable using seismic Horizon C which may Blake Ridgdt Formations. The Bermuda Rise Forma-
correspond to its upper contact. The overlying tion contains chert and clayey and- calcareous
Blake-Bahama Formation is light grey -pelagic sediments enriched ir btogenic silica. It is of
limestone of Tithonian-Barremian age. It is Late Paleocene to Middle Eocene age. The top of

Cmappable -as the acoustic interval betweep seismic the chert correlates with seismic Horizon A which - -

Horizo - and Horizonr, and pinches out eastwards is widespread in the North American Basin. Most
on oceanic-crust genera~ly of-Hautetivian to of this formation is absent beneath the conti-
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. Figure 22. Stratigraphic cross-sect~rn of the North American Basin. Location in Figure 1.

nental rise because of Late Paleogene or Early occur near the continental margin, but nost
Neogene erosion by bottom currents. The Blake reworked sediment observed in boreholes is the
Ridge Formation is a hemipelagic grey-green mud result of local slumping and fine-grained turbi-
with local debris flow and turbidite deposits of dite deposition. Some fine-scale lenring and

[iMiddle Eocene to Holoceone age. Along the conti- lamination in these sediments may representI
nental margin, most of this formation is of reworking by weak bottom currents. The scarcity

!Miocene age, and it is the presence of these of terrigenous sediment in the Oxfordian-Hauteri-

sediments that is responsible for the present vian sedimentary sequences of the North American
i morphologic expression of the continental rise. Basin reflect low preeipitat.ion and low relief of
=" Within the Blake Ridge Formation, Miocene intra- the surrounding land. Extensive carbonate depo-

elastic chalks of the Great Abaco Member were sition on the shelves, also noticeable by the
deposited by debris flows from the adjacent Blake presence of 'shallow-water' carbonate turbidites,
Plateau and Bahama Banks. This member is confined indicates warm climate.
to the Blake-Bahama Basin and can be mapped using Gradual replacement of carbonate by terrigenous
seismic reflector M. sediment on the North American shelf occurred
The sedimentary evolution of the basin reflects during Tithonian-Berriasian time, but this change

the interaction of factors including climate, sur- is not reflect ,d in the deep sea basin until the
face and abyssal circulation, biogenic production, Barremian. Better correlation exists between an
sea level changes and tectonic events. The Cat approximately Hauterivwian termination of carbonate
Gap and Blake-Bahama Formations were deposited deposition in both the deep sea and on the shelf.
near or above the CCD, while the Hatteras and The top of the shelf carbonates on the north-
Plantagenet Formations were deposited below the western shelf of the North American Basin is an
CCD, which shallowed significantly during the excellent seismic reflector which may correlate
Barremian. Temporary but sharp deepening, and with seismic horizon $ of the deep sea basin.
rise of the CCD resulted in deposition of marl and In Valanginian time pulses of anoxic condi-
chalk of the Crescent Peaks Member. In the Ter- tions began in the basin with resulting-deposition

~tiary, the Bermuda Rise and Blake -Ridge Formations of dark marly chalk and calcareous clay beds at

were deposited mostly below the CCD (Figure 23). the top of the Blake Bahama Formation. This
SUppe Jurassic and Lower -Cretaceous sediments process culminated approximately in the Barremian,

(Cat Gap For~na~ion, Blake-Bahama rormation) are with the establishment of alter nating anoxic and
: primarly pelagic limestone sequences. Local low-oxygen conditions in the deep basin. -Terres-

- influx of mixed bioclastic and terrigenous debris trial and marine organic carbon were preserved
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Figure 23. Depth variation of the calcite compensation depth (CCD) through the
Mesozoic and Cenozoic in the North American Basin, from Tucholke andVogt (1979), with Site 391C added. Lihology at each site is plotted

along seafloor age versus depth curves for that site. Site 391C may
have experienced anomalous subsidence because of its position near the
Blake Plateau, and the site paleodepth curve depicted may be too deep.
The anomalously deep initial ridge-crest elevation (3300 m), the pre-
sence of aragonite in the Jurassic sediments, the early cut-off in
reducing (black clay) conditions suggest the Mesozoic part of the curve
should be at least 600 m shallower.

beneath stagnant to sluggishly circulatir.g deep and metalliferous deposits. Accumulation rates in
water, but surface circulation and organic produc- the Plantagenet Formation were very low, with the
tivity were well developed. Much of the calcar- influx of the terrigenous sediment to the basin
eous and siliceous biogenic debris found locally being minimized by progressing mid-Cretaceous
within the Hatteras Formation probably had inter- transgression. The North American Basin during
mediate residence on shallow sea floor above the Late Cretaceous was sediment starved.
CCD (continental margin, mid-ocean ridge flank, The brief period of chalk deposition during the
seamounts) before being rapidly emplaced in the Maastrichtian was an ocean-wide event which also
deep basin by turbidity currents. Deposits that influenced shelf deposition. The chalks on the
are synchronous to the Hatteras Formation on the shelf are prominent seismic reflectors approxi-
North American Shelf are deltaic, coal-bearing u.tely correlatable with the seismic Horizon A* of
deposits, which may explain the high content of the deep North American Basin.
plant debris in the Hatteras Formation. Lack of a During Late Paleocene through Middle Eocene
similar influence of Lower Cretaceous coal-bearing time, deposition of biogenic silica predominated
clastic strata on the deep-sea deposits may be due in the deep North American Basin below the CCD.
to trapping of clastic debris behind the shelf and mixed calcareous-siliceous .ediments were
edge carbonate platforms. deposited in shallower depth. Increased produc-

Increased deep-water oxygenation in the Late tivity of siliceous organisms during this time may
Cretaceous (post-Cenomanian) is indicated by the reflect enhanced circulation and upwelling in
Plantagenet Formation with its vaticolored clays response to cooler climates. High productivity
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SEISI4IC STRATIGRAPttY, LITtOSTRATIGRAPIY AND PALEOSLDI1-WNTATION PATTERNS IN TIlE NORTh AMRICAN BASIN

Brian E. Tucholke and Gregory S. Mountain*

Lamont-Doherty Geological Observatory of Columbia University, Palisades, New York !096A
Sy

*Also Department of Geological Sciences, Columbia University, New York, New York 10027

A stract. Single channel and multichannel the Late Cretaceous and multicolored pelagic

seismic profiles together with DSDP borehole clays were deposited, but no significant
results from the North American Basin have seismic reflector separates these sediments
been studied to determine the nature and from the underlying black clays. A rapid,
distribution of major seismic reflectors and brief depression of the calcite compensation
the implications of their lithologic and age depth beginning in the middle Maestrichtian
correlations for paleosedimentation. Two allowed carbonate-rich sediments to accumu-

reflectors observed west of the Blake Spur late in the deepest portions of the basin,
magnetic anomaly that have not been sampled and these correlate with the widely distri-
by drilling are presumed to be older than 175 buted Horizcoi A
m.y. The volume and reflection character of The reflecting sequence originally termed
sediments beneath these horizons indicate "Horizon A" actually is a complex series of
that the Early Jurassic basin received large reflectors, several of which are widespread
amounts of terrigenous and bioclastic sedi- and have consistent lithclogic correlations.
ment from debris flows and turbidity cur- Horizon AC is the lowermost and most promi-
rents. An overlying group of reflectors nent reflector; it corralates with upper-
onlaps and masks progressively younger basal- lower to lower-middle Eo-aene cherts that are
tic basement, constituting Horizon B in the formed within turbidites : neath the western
southwest corner of the basin. These reflec- Bermuda Rise and in variable facies else-
tors may be high-velocity zediments derived where. The overlying Horizon AT marks the
from the south and west and deposited on top of the acoustically laminated siliceous
relatively smooth basaltic basement formed turbidites that reached the western Bermuda
prior to anomaly M-23 (Late Jurassic). The Rise before regional uplift formed the rise
oldest sediments yet cored in the basin in the middle to late Eocene. Above this
immediately overlie Horizon B and are lime- level, Horizon A correlates with volcani-
stones of Oxfordian (Late Jurassic) age. In clastic turbidites that were dispersed from
contrast to the seafloor-leveling nature of Bermuda for distances up to 200 km and that
pre-Horizon B sediments, these limestones are document late Paleogene subaerial erosion of
dominantly pelagic, although seismic mapping the volcanic pedestal. Horizon AU is an
shows some evidence of mass-flows and cur- unconformity along the western margin of the
rent-controlled deposition. Marly interbeds basin that was eroded by bottom currents
and chert within the limestones probably between late Eoene aid ly Miocene time.
cause the acoustic laminae seen in the Westward under the continental rise, Horizon
overlying section, which extends upward to AU progressively truncates Horizons AT, AC,
Horizon B of Hauterivian to Barremian (Early A* and older sediments down to Horizon B.
Cretaceous) age. A uniformly thin layer ( Miocene and younger sediments above AL and
100 m) of black clay overlies Horizon 8 in above laterally equivalent reflectors have an
the deep basin, but thicker accumulations acoustic character that shows, for the first
occur near the continental margin. Inter- time in the history of the basin, both marked
mittent deep-basin stanation with restricted ai.d widespread control of depositional patterns
terrigenous input characterized "black-clay" by deep circulation.
deposition up to the end of the CenoLnian.
Sustained de.-p-water oxygenation resumed in Introduction

Continuous seismic reflection profiles are
*Also Department of Geological Sciences, one of the most valuable scurces of data

Columbia University, New York, New-York 10027 available to the marine geologist for studying
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At

the sedimentary evolution of ocean basins, of full-size records of the highest quality
In the absence of borehole control, the available in each area. In areas of lower
profiles alone yield information on sediment data density, older records of lesser quality
thickness, probable sediment source areas, were used to help map teneral sediment dis-
mode of deposition, and tectonic and ero- tribution patterns. Profiles reproduced in
sional events. Deep-sea boreholes provide this paper were selected to illustrate the
lithostratigrophic and chronostratigraphic greatest number of major reflector rela-
frameworks at points along the pr-files, and tionships within reasonable size limitations,
to a first approximation the profiles extend and they consequently may not represent the
this stratigraphic information to regional best available data.
scales. Partly because of improved record quality
In 1975 we began an intensive program to and partly because of expanding, world-wide

correlate the results of JOIDES borehcles in data acquisition, the nc'nenclature applied to
the western North Atlantic with seismic prominent seismic horizons has undergone a
profiler sections across the drillsites somewhat tortuous development (see Tucholke,
(Figures 1 and 2), to map the major seismic 1979). In this paper we use a form of the
reflectors according to character, dis..rt- general nomenclatural system that has de-
bution and intrahorizon thickness, and to veloped historically (A, ,B, etc.). However,
determine paleosedimentation patterns in the we recogaize that any system with an alpha-
basin. Preliminary results of these investi- betic or numeric basis is destined to become
gations have been given by Tucholke (1976, tediously complex and thus of dubious value
1979), Tucholke and Mountain (1977a,b), and as improved reL'rding technology defines more
Mountain and Tucholke (1977). In this paper and more geologically significant reflectors
we discuss the most extensive seismic re- between reflectors already named. The de-
flectors in the North American Basin and the velopment of a non-alphdnumeric nomenclatural
implications of their correlations with system id other seismic stratigraphic prin-
JOIDES borehole results. This data is used to ciples is sorely needed, and we presently are
deteruine aspects of the sedimentary history planning a workshop on seismic stratigraphy
of the basin seaward of the continental to deal with these problems.
slope- The study is Ji ted largely to the We have treated the seismic stratigraphy
basin south of the New England Seamounts separately from lithostratigraphy and chrono-
because there is no adequete borehole control stratigraphy. However, as will become evident
north of the seamounts and i-cause the geolo- in succeeding pages, many deep-basin seismic
gic significance of most reflectors there horizons havc remdrkably consistent age and
still is uncertain. llthologic correlations, probably because
The seismic data used for this study include major changes in sedimentation (and thus in

Lamont-Doherty (L-DGO) small and large-volume accustic impedance) occurred on a basin-wide
airgun profiles, U.S. Geological Survey open- scale, especially during the Mesozoic. In
file multichannel seismic (MCS) lines, the the following pages, we discuss the sedi-
IPOD-USGS MCS line (Grow and Markl, 1977), a mentary evolution of the North American Basin
University of Texas (UTMSI) MCS line across from the Lower Jurassic to the present based
the Blake Outer Ridge (Buffler and others, on seismic and lithostratigraphic data.
1978) and other miscellaneous single-channel Stratigraphic relationships are summarized in
data (Figure 2). Recently acquired L-DGO Table 1.
large-volume-airgun profiles across the Blake
Outer Ridge helped confirm our tracing of The Deepest Reflectors
deeper reflectors there (Bryan and Markl,
unpub. data). The development of iarge-volume airguns and

Lamont-Doherty records span the time MCS recording technology has greatly increased
interval from the development of the seismic our knowledge of the seismic stratigraphy in
profiler for use in the deep sea (Ewing and the oldest, most deeply buried parts of the
Tirey, 1961) to the present. Early explosion western basin. !a the MCS profiles across
records defined gross sediment structure, the continental rise, there are two major,
sediment distribution, and some of the major deep reflectors (solid arrows, Fig. 3) that
reflectors in the basin (Ewing and Ewing, cannot be tied to existing JOIDES boreholes.
1962, 1963). In mid-1964 a pneumatic sound On the segment of the MCS line that is illus-
source (airgun) replaced the explosives. trated, the deeper reflettor caps highly
Since that time airgun sound sources, recor- reflective layers that infill basement de-
ding technology, and reflector definition pressions, and it does not extend seaward
have continually improved. Several of the much beyond shot point (SP) 2000. Landward
Lamont-Doherty profiler lines acquired in the along the same profile the sediment thickness
western North Atlantic in the last three beneath the reflector increases markedly to
years are 24-fold caton-depth-point MCS 0.7 sec. or more two-way reflection time (1575
data. Our interpretations are based on study m at V= 4.5 km/sec) before it is lost in a
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Figure 2. Track control for seismic profiles studied. Tracks for L-DGO explosion
records and some non-L-DGO single-channel profiles not Shown.

clastic debris derived from the nonti. ..al The N;ature of Horizon B
margin and deposited by turbidizy currents
and debris flowG. The sediments correlating In the region of Cat Gap (Figure 1) Ewing
with the deeper, highly reflective seri ence and others (1966) recognized acoustic base-
may include relatively coarser clastic debris ment having an unusually smooth surface. To
of Early Jurassic age derived from the youth- distinguish it from typically rugged volcanic
ful continental margin. These inferences are basement, they named it Horizon B. The
supported by a calculation of sediment accu- horizon is easily identified as a strong,
mulation rates. Near the continental slope, prolonged reflector in the vicinity of DSDP
more than 3.2 km of sediment underlie the Site i00 (Figure 4), where it is as shallow
upper reflector. If initial deposition in as 5600 m below sea level. Further south,
the basin began about 190 m.y.B.P., then the Horizon B is interrupted by a fracture zone
sediments accumulated at average rates exceed- and it rises to about 5200 m at Site 99
ing 210 m/m.y. These rates, even uncorrezted (Figure 5). To the east and north, Horizon e.
for sediment compaction, are an order of descends to nearly 6000 m.
magnitude higher than normal pelagic accu- On the basis of extensive mapping and
mulation rates and suggest A large influx of cross-correlation of reflectors in this
dC-LXJLal. m_-Le----r... region, it appears that Horizon B actually is
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formed by several closely spaced deep reflec-
I tors that onlap and mask basaltic basement

(Figure 4); thus Horizon B is diachronous.
In Figure 5 the shaded regions show the known

V o 0 distribution of Horizon B. Farther west,
4many of the basement-masking reflectors rise
;o far enough that th- underlying, more irre-
o7 gular basaltic sur-.ce is observed. Because

oHorizon B is a basement-masking phenomenon,
C its definition in seismic profiles is largely
o a function of recording technology; that is,

0V .0 Horizon B often will be penetrated to reveal
to r r irregular unlerlying crust in profiles
WE ou acquired with high-energy sound sources.

It is important to note, however, that
-1 14 where probable true oceanic basement (layer

M 2) can be observed west of about anomaly M-
S . 23, its surface roughness is subdued compared

o 4 to that of younger crust. This also is
. WM observed in most MCS lines across the con-

00 tinental rise. The subdued irregularity may
0 be related to faster seafloor spreading prior
04to the time of anomaly M-23, and it probably

T aided in the formation of smooth acoustic
4JQ basement by facilitating dispersal of base-

ment-masking sediments.
_ _In the sequence of deep reflectors that

approach and in places mask basaltic basement,
the uppermost reflector can be traced with

- CQ reasonable confidence from the Cat Gap area
1000 km north ko the IPOD line (dashed arrow,
Figures 3. 4,6). In both areas the reflector

can be followed eastward to a pinchout on
r anomaly M-23 age (Oxfordian-Kimmerid-

gian) or slightly younger. This reflector
0 W also was penetrated at DSDP Site 100, where
CD. it correlates with Kimmeridgian to Tithonian-

age limestones, in good agreement with the

r. pinchout age (Figure 4).
O q 0 One of the drilling objectives at Site 100

O" H was to determine the nature of Horizon B.
4U 4

4114 0 Although basalt was recovered at the level of
Q- u " the horizon (Hollister, Ewing, and others,
Cl) 1972), this unfortunately does not resolve

the origin of Horizon B because the site was
o1 a located on the flank of an acoustic basement

-. 0 $4 high. Had the drillsite been located in an
W a0 adjacent smooth-basement swale, we suspect

P4 that it would have encountered highly reflec-
0

'f 3 tive ;ediments directly overlying and seis-
i C, mically masking basalt.

- fr. ICarbonate Deposition Below Horizon 8

lug! M 0 Numerous closely spaced reflectors lie 0.2

to 0.4 secs. (% 200 to 400 m) above Horizon B
* 0 in the Cat Gap region, and these in turn are

.] i t> .I ' Ioverlain by an acoustically non-laminated
S.interval. The top of the group of closely

e. -i spaced reflectors was named Horizon 8 by
0.1 i ! -H c IEwing and others (1966) (Figures 4, 6, 7).

Horizon 8 and the underlying laminated
U) 0 f- 01 M sequence generally are conformable to deeper

SaNOD3S reflectors. Horizon 8 can be traced from the
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OOZE CLAYEY LIMESTONE
LIMESTONE

Figure 4. Seismic profile near Site 100; location in Figure 5. Note that deep reflectors
onlap and mask probable basaltic basement, compositely forming smooth acoustic basement
(Horizon B).

Cat Gap area to the north and west beneath cherts are common in the limestones below

the central continental rise. Landward, it Horizon 8 at most drillsites, and they pro.-
becomes increasingly difficult to distinguish bably account for a majority of the reflec-
from other flat-lying reflectors that are not tors.
observed toward the east. Traced to the east The distribution of sediment thic iss
beneath the western Bermuda Rise, Horizon 8 below Horizon 8 (Figure 8) indicates that the
also is conformable to the underlying base- continental margin was a major source for
ment, suggesting pelagic accumulation of pre- sediments up through the Early Cretaceous,
8 sediments. The reflector pinches out on and numerous smooth reflectors in the secimentary
crust of anomaly M-11 to M-4 age (late Valan- sequence suggest that the sediments were
ginian-Barremian) near the latitude of Bermuda, deposited from tdrbidity currents and de.,ris
but farther south it extends onto crust flows. However, the Upper Jurassic to Lawer
possibly as young as '!-2 (Barremian) age Cretaceous limestones cored from levels
(Figure 8). beneath Horizon 8 at most drillsites exhibit
The sedimentary section below Horizon 8 has sedimentary structures that suggest domn-

been drilled at 8 sites (Figure 8). It nantly pelagic deposition interrupted only by
everywhere corresponds to chalks and lime- locally derived "pelagic turbidites" (Lancelot
stones of Hauterivian/Barremian age (Early and others, 1972). The discrepancy between
Cretaceous) and older, in good agreement with the seismic and core data can be explained in
the 8 pinchout age. At Site 100, which thus two ways. First, in the Cat Gap region and
far has penetrated the oldest sediments in probably elsewhere along the continenta'tL the North American Basin, the carbonates margin, seafloor-leveling processes such as

below Horizon 8 continue down at least to the those that formed Horizon B provided a rela-
Oxfordian (Hollister, Ewing, and others, tively flat surface for subsequent deposition
•1972). There are three major color and of pelagic carbonates. Pelagic deposition on
compositional variants in these limestones, this substrate would produce smooth bedding
consisting of (from the top) light gray lime- planes suggestive of turbidite deposition in
stone, reddish-brown argillaceous limestone, reflection profiles. A second explanation is
and gray-green limestone. The upper facies found in the placement of DSDP boreholes.
hias been defined as the Blake-Bahama Forma- Site 105, for example, was drilled on one of
tion and the lower two facies as the Cat Gap several basement swells near 35*N (Figure 8),
Formation (Jansa and others, 1979). Benson, and the pelagic sedimentary record below
Sheridan and others (1978) have correlated Horizon 8 at this site therefore may not be
the top of the Cat Gap Formation with a representative of sediments in the surround-
reflector termed Horizon C; however, we have ing areas. Seismic profiles in this region

F not yet satisfied ourselves that contacts show that pre-8 reflectors lap onto the
between these lithofacies correlate with any flanks of the basement swells and suggest
of the reflectors below Horizon 0. Marly that much of the sedimentary section was
interbeds and high-impedance quartzose deposited from turbidity currents.
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Figure 5. Distribution of smooth acoustic basement (Horizon B, shaded), structural trends,

and crustal ages (M-series anomalies) in the southwestern North Atlantic.

In the Cat Gap area, the fact that pelagic Late Jurassic. This shift may have been
sediments in the Horizon B to 0 interval caused by the combined effects of margin
overlie basement-smoothing depoqit3 below subsilence, rising sea level, and growth of
Horizon B indicates that a shift from mass- reef barriers along the continental margin.
flow to pelagic deposition occurred in the Reefs in the Bahamas and along the outer
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Figure 6. Seismic profile across Site 101 on the southern Bahama Outer Ridge. Location
in Figure 5.

Ii
Blake Plateau were well established in Late the CCD in an intermittently anoxic environ-
Jurassic to Early Cretaceous time (Meyerhoff ment (lucholke and Vogt, 1979). As noted
and Hatten, 1974; Catalano and others, 1975), earlier, the location of the eastward pinch-
and they may have extended much farther out of Horizon a suggests that the reflector
north. It is clear that clastic sources only becomes younger toward the southern part of
were reduced and not stopped, because the top the basin. Horizon $ cannot be traced east-
of the Blake-Bahama Formation at Site 391 ward as far as Sites 417D and 418A on the
(Figure 8) includes abundant sandy turbidites southern Bermuda Rise (Figure 8), but drill-
(Jansa and others, 1979), Similar reduction ing results there support the idea that
in sediment supply probably occurred farther carbonate deposition persisted longer in the
north along the margin, thus shifting the southern part of the basin. The sites,
boundary between dominantly elastic and located on crust of M-0 (Aptian) age, re-
dominantly pelagic deposition toward the west. covered a few meters of Aptian nannofossil
The pelagic accumulation of limestones chalk overlying basalt and beneath the black

below Horizon a in the Cat Gap region was clays (Donnelly, Francheteau, and others,
interrupted by obvious lensing and differ- 1977; Bryan, Robinson and others, 1977).
ential accumulation (Figures 7, 9). From an Aptian crust has not been drilled farther
apparent source west of the northeast-trend- north so we do not know if carbonates of
ing San Salvador basement ridge, sediments similar age and paleodepth occur there.
were distributed north and east around the However, persistence of carbonate deposition
end of the ridge in a manner very much like in the south is a distinct possibility, and
bottom-current-controlled deposition on it could have resulted from either elevated
modern sediment drifts. The drift-like crust or a delayed rise in the CCD. In the
deposit is flanked'on the north by a uhinned latter instance; high surface productivity
zone of attenuated sedimentation. On the associated with westerly circum-global equa-
basis of these data, we suggest that bottom torial currents through the Tethys, southern
currents were active in the Late Jurassic to North Atlantic and Pacific (Berggren and
Early Cretaceous (Neocomian). Although the hollister, 1974) could have prolonged the
general deep circulation may have been weak, rise of the CCD.
currents probably were intensified by the
steep topography of the San Salvador ridge.
The strong change in acoustic character of Horizon 8 To Horizon A*: Black And

sediments observed at the level of Horizon 8 Multicolored Clays
across most of the basin corresponds to an
equally marked change in the composition of The weakly or discontinuously reflective
the sediments. In contrast to the atousti- sequence of sediments overlying Horizon 8 is
cally laminated limestones below Horizon 0, 0.1 to 0.7 sec thick throughout most of the
the overlying sediments are acoustically non- basin. This sequence is capped by one of two
laminated and they correlate with green-gray regionally important reflectors: 1) Horizon
and black mudstones (hereafter termed black AU, which is an-erosional unconformity de-
clays) beneath multicolored claystones. veloped during the mid-Tertiary along the
Horizon 0 resulted from a rise in the continental margin (Figures 6,7; see later

calcite compensation depth (CCD), and the diacussion), or 2)-Horizon A* which corre-
overlying black clays were deposited below lates with a bed ofMaestrichtian chalks and
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Figure 7. Seismic profiles showing lensing beneath Horizon 8 in the Cat Gap area. Smooth
acoustic basement is Horizon B. Horizon AU is at seafloor. Scale bars 20 km. Loca-
tions in Figure 9.

limestones east of the continental margin By studying the distribution of black-clay
(Figure 10). deposition along drillsite age/depth curves,
The interval between Horizon 8 (or basaltic Tucholke and Vogt (1979) determined that

basement) and A*/AU has been drilled at 12 euxinic sediments were deposited intermit-
sites where both seismic boundaries have been tently below 3200 m in the entire North
identified (Figure 11). The interval con- American Basin from Barremian through Ceno-
tains Hauterivian to Cenomanian/Turonian manian time. They also argued on the basis of
black clays as well as overlying Upper Creta- sedimentological and geochemical data that
ceous multicolored clays, and there is no reducing conditions charezterized the entire
well defined reflector separating these deep water column, not just the subsurface
lithofacies (Tucholke, 1979). sediments. For these reasons, it was con-
The "black clays" (Hatteras Formation; cluded that the North Atlantic deep circula-

Jansa and others, 1979) consist of finely tion was severely restricted, possibly be-
laminated black mudstones interbedded with cduse of barriers to deep flow in the Pana-
moderately burrowed gray-green mudstones, and manian and Tethyan regions.
they were deposited under anoxic to poorly Near the beginning of the Turonian, the
oxygenated deep-basin conditions, respective- North American Basin ag' 4n received oxyge-
ly. Similar dark gray marly beds locally nated deep water, but the CCD remained
occur within the limestones below Horizon 8, shallow and only pelagic multicolored clays
beginning as early as the Valanginian. There were deposited (Lancelot and others, .972;
continues to be a lively debate about the Tucholke and Vogt, 1979). These mult:colored
cause and extent of the anoxic conditions, clays have been defined as the Plantagenet
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Horizon 8 is exposed at the seafloor by Paleogene erosion (Horizon AU) as shown.

Formation by Jansa and others (1979". The slowly (< 6 n/my). Packets of thick sediments
ithickness generally is snail because of their accumulated in local topographic depressions
iivery low accumulation rates (1-2 n/n.y.). because of slumping and turbidity currents
iiKnown thickness ranges from about 10-20 m at from adjacent highs (e.g. Site 386, Figure
SSite 387 up to a maximum of 90-110 m at Site 11). A majority of the basin probably re-

386. ceived only pelagic detritus :ith adnixtures
iIn Figure 11 we have napped the combined of rerrigenous debris borne by winds and
Sthickness of the black and multicolored clays sur. :e currents. This is in marked contrast
-from seismic profiler data. Although the to the deposition of abundant terrgenous

n apped thickness includes multicolored clays, detritus in the eastern North Atlantic in
it provides a reasonable approximation of the Early and middle Cretaceous time (Lancelot,

*true distribution of black clays alone be- Siebold, and others, 1978; Montadert, Roberts,
cause the thickniess of the multicolored clays and others, 1976).
probably is small (< 100 m) and fairly uniform Near the western Atlantic continental
in the baskn, margin several lobes of thick black-clay
A striking observation is that away from sequences are developed. Two of these lobes, :=the continental nargin the black clays are of one south of Georges Baink Basin-and one -i

relatively Uniform thickness (100-200 m) southeast of Baltimore Canyon Trough, are
implying that they accumulated evenly and separated by a thin black-clay section caused
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Figure 10. Seismic profile from the western Bermuda Rise showing major reflectors
au~d correlation with lithologic record at nearby Site 387. Location in Figure 12.

primarily by the presence of the basement (Emery and others, 1970). These factors
II swell around Site 105. This control by would account for restriction of thick black-

ibasement topography and the landward thick- clay sequences to near the continental margin

ening indicate that the lobes contain terni- and rather uniform thickness in the deep
Sgenous debris deposited from turbidity cur- basin. T-he marginal reef system probably was

rents and debris flows. Of f the Blake Pla- breached or overstepped in several places,

teau an even thicker sequence (up to 700 thus allowing deposition of the observed

m) of black clays is present. In this region lobes along the continental margin. In
Horizon A* has been truncated by mid-Tertiary particular, the thickest lobe off the Bl-oke
erosion (Horizon AU, see Figure 11) and the Plateau may have received sediments funnelled
pre-erosion thicknesses during the middle and through Great Abaco Canyon, which may date to

Late Cretaceous must have been even greater. Neocomian time as a reef channel (Sheridan
Reefs along the edge of the continental and others, 1969), and through Northeast

shelf may have been important in controlling Providence Channel (Figure 11).
sediment distribution during the Cretaceous. The multicolored pelagic clays that accu-
Reef material has been dredged, drilled, and mulated in the oxygenated deep basin after

sampled by submersible at numerous locations Cenomanian time (Plantagenet Formation, Jansa
[ along the margin from the Blake Plateau to as and others, 1979) are very fine-grained and

far north as Georges Bank and the Grand Banks barren of biogenic debris.* Thus the sane
(Heezen and Sheridan, 1966; Tucholke and factors that prevented sediment dispersal to

" Vogt, 1979; Ryan and others, 1978). Deeply the anoxic deep basin in the Early Cretaceous
buried reef-like structures of unknown age must have continued to limit terrigenous

are observed beneath the continental slope on input. However, Late Cretaceous lowering of
: =several MCS lines (Figure 11). It is likely sets level and extinction of the marginal

that during the Early to middle Cretaceous a reefas (Pltman, 1978; Douglas and others,
reef system extended along the outer shelf of 1913) probably resulted in gradually increas-

the U.S. east coast and at least intermit- iag terrigenous influx and further development
tently to the Grand Banks. This barrier of the continental rise. At Site 391 near
together with the mid-Cretaceous sea-!eve th'e continental margin, the multicolored
transgression (Pitman, 1978; Vail and others, rlays include terrgenous silt beds that docu-
1977) could-have strongly reduced transport ment development of this continental source
of terrigenous sediment Ito the deep sea (Benson, Sheridan and others, 1978). Al-

10 TUCHOLKE
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etmtdlate Albian isochron or approximate eastward limit of black clays overlying
basalt; black clay deposition persisted to late Cenomanian/Turonian, but ridge-crest
basalt of this age probably was above level of anoxic-basin conditions. "Red Clay"
line = mid-Campanian isocbron or approximate eastward limit of multicolored clays; younger
crust was generated mostly above the CCD, but in the deeper basin multicolored clay
deposition persisted into the Maestrichtian.

though the multicolored clays were deposited ments they are capped by Horizon A* (Figure
beneath circulating, oxygenated bottom water, 10). Correlation of this seismic marker to
we have observed no evidence either in seis- the lithostratigraphy is documented only at
mic profiles or- in primary sedimentary struc- Sites 386 and 387 on the Bermuda Rise. At
tures of the clays that suggests Late Creta- these sites A' matches the level. of a bed of
ceous bottom currents were significant in middle to upper Maestrichtian pelagic manly
transporting and redistributing sediments. chalk and limestone (30.,aO% CaCO3 ; Tucholke,
As noted earlier, where-the multicolored Vogt, and others, 1979). At Site 385 near

clays-are in conformity with-overlying sedi- Vogel Seamount, Horizon A'has not been
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Figure 12. Distribution of Horizons Aand AC. Western limits show where Paleogene
erosion (Horizon A removed Horizon A and a "channel" in Horizon AC. Horizontally

(Figure 15). In diagonailly hatched area Horizon A* is very reflective and level
(Figure 13).

clicarly identified, but the Maestrichtian Crescent Peaks Member of the Plantagenet

early chalks were cored and were interbedded Formation.I
between low-croaecas hs aa Horizon A* was first noted to have regional
plus Maestrichtian chalks at other cfrillsites significance by Ewing and others (1970) and
of shallower paleodepth (Sites 10, 384, 390) it was named by Ewing and Hollister (1972).
indicate a rapid depression of the CCD to When this reflector was penetrated at Site
more than 5400 m and an equally rapid rise at 105, it was thought to correlate with the
the end of the Cretaceous (Tucholke znd Vogt, transition from multicolored to black clays
1979). If the correlation of Horizon A* to (Hollister, Ewing, and others, 1972). How-
this calcareous bed is consistent thr-iughout ever, a later erosional surface (Horizon -AU)
the basin, then the -idespread distribution very closely overlies or truncates Horizon-e
of Horizon A* (Figure -12) suggests that the at the site (see Figure 17), and-a 40
CCD fluctuation was at least a basin-uide interval at this level was not cored. Th1us

- event. Jansa and others (1979) formally it is possible-that A* does indeed correlate
define the Maestrichtian carbonates-as the with Maestrichtian carbonates i this region,
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Figure 13. Seismic profile from the western Bermuda Rise showing highly reflective and
relatively flat Horizon e, and reflectors of the overlying "Horizon-A Complex".
Location in Figure 12.

but at Site 105 the carbonates either were the Hatteras Abyssal Plain, Horizon A*
removed by erosion or were not cored. becomes interbedded with the base of a
Horizon A* exhibits variable acoustic series of flat-lying reflectors, and beneath

character within the basin. East of Bermuda the continental rise it is developed within a
the reflector is rarely observed, probably thick sequence of reflectors. These reflec-
for two reasons. First, most of the lowcr tor relationships suggest that turbidity

Upper Cretaceous crust in this region proD- currents and debris flows were developing the
ably accumulated only thin sequences of continental rise prior to the deposition of
pelagic clay prior to deposition of Maes- Horizon A* and that turbidity currents later
trichtian chalks, and Horizon A* may ove-lie began forming an eastward-encroaching abIssal
basaltic basement so closely that it cannot plain about the same time that Horizon A was

be resolved (see Figure 19b). Second, on deposited.
crust younger than about Campanian age,
sediment accumulation was above the CCD (e.g. Paleogene Sedimentation and the Horizon-A
Site 10, Peterson, Edgar, and others, 1970) Complex
and Maestrichtian carbonates in this section
would not have sufficient impedance contrast Horizon A was first defined by Ewing and
to form a reflector. Ewing (1962, 1963) in profiler records acquired
For three hundred kilometers or more south with explosives north of the Puerto Rico

and west of Bermuda, Horizon A* is a very Trench. In this area and in many other parts
strong, relatively level reflector that is of the basin the horizon is smooth and strongly
best developed within topographic lows reflective, and it was thought to be a
(Figures 12, 13). The reflector distribution fossil abyssal plain (Ewing and Ewing, 1964).
appears to be contiolled in part by basement Piston cores that recovered turbidites of
topography, suggesting possible accvulation Maestrichtian age from the "Horizon-A c-tcrop"
from turbidity currents and a-source area in north of San Salvador appeared to confirm
the vicinity of Bermuda. Until the reflector this idea (Ewing and others, 1966; Saito and

is drilled in this area, we cannot be certain others, 1966). Subsequent deep-sea drilling
that it correlates only with Maestrichtian on the Bermuda Rise indicated that high-

i carbonates. impedance Eocene cherts were responsible for
On the southern and westernmost Bermuda the reflector (Ewing and others, 1970), and

Rise, Horizon A* is a distinct reflector that at Site 105 ot. the lower continental rise
drapes over deeper topographic irregularities Horizon A correlated with an unconformity
in a manner suggesting its pelagic origin where some 60 m.y. of sediments were missing
(Figure 10). Beneath the uesternmost Bermuda (Hollister, Ewing and others, 1972).
Rise, the reflector overrides a basement These conflicting correlations are resolved
swell and farther west becomes difficult to when one considers the acoustic character of
distinguish from overlying acoustically "Horizon A". It actually is composed of one
laminated sedinents. Traced-westward beneath to several closely spaced, sig-ificant reflec-
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Figure 14. Lithologic columns, generalized at three DSDP drilisites and idealized in three
intervening areas, showing correlation writh major reflectors from west (left) to east in
basin. Idealized sections: A - beneath landward end of Blake Outer Ridge, B - vicinity
of DSDP Site 8, C - near Bermuda p edescal, central Bermuda Rise.

tors (Ewing and Ewing, 1964), each of which reflector (Figures 10, 13). Where it has
can be traced laterally on regional scales been drilled the reflector correlates with
and each of which has specific geologic upper-lower to lower-middle Eocene chert,
correlations. For this reason we use the except at Site 386 where it matches middle
tern "Horizon-A Complex!' for the reflector -Eoc:.ie chalks overlying the cherts (Tucholke,
g~roup. Several reflectors in the group (AC, 1979).
A, AV and AU) have been studied separately Horizon AC is widespread in t-he western

Sby Tucholke (1979), and we discuss their North Atlantic (Figure 12), and the chert is
geologic significance here. developec. in a variety of lithofacies (Figure

14). On the western Bermuda Rise, beneath
Horizon AC the Hatteras Abyssal Plain, and probably

InI

beneath the Sohm Ab)ssal Plain, the charts
In the series of reflectors that comprise occur within EOcene -trbidites that were

__the Horizn-A Complex, Horizon AC is the --i!ved from the North A.erican continental
deepest known to -have a consistent lithologic margin. Farther s eaward, the cherts are
correlation and it normally is the strongest - developed wit~hin hemipalagic clays deposited
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below the Eocene CCD (e.g. Site 9) or within continental rise, the probable Paleocene
shallower pelagic carbonates along the flank sediments overlying Horizon A* tena to be
of the Mid-Atlantic Ridge (Site 10) and other acoustically laminated. These sediments have
shallow regions isolated from terrigenous not been cored in DSDP boreholes, but they
sources (e.g. Site 384: J-Anomaly Ridge, Site may include admixtures of fine-grained terri-
390: Blake Nose). The cherts mark the top of genous debris, biogenic silica, and carbonate
the Bermuda Rise kormation as defined by displaced from the continental shelf and
ansa and others (1979). slope above the CCD. By this time, basin-
As expected, the eastern pinchout of Horizon filling behind shelf-edge barriers and falling

eC is on crust of Eocene age (Figure 12). sea level probably allowed dispersal of large
However, east of Bprmuda the reflector gene- quantities of such sediments to the deep
rally is observed only in patches within basin. With time, turbidite di3persal extended
basement depressions (see Figure 19b), arnd farther seaward. Uplift had not yet formed
the sedimentary section between Horizon AC the Bermuda Rise, and distal turbidites
and acoustic basement usually is thinner than flooded the region of both the present Hatteras

100 m. The thin sedimentary section is Abyssal Plain and the western Bermuda Rise.
expected because this crust was isolated from This seafloor-leveling process is clearly
terrigenous sources aad mos of the crust of demonstrated in seismic profiles from the
Albian to Santonlan age was below the CCD western Bermuda Rise (Figure 10), and it
during its entire history (Tucholke and Vogt, resulted in marked thickness variations in
1979). the Horizon A* to AC interval.

By considering 'he character and distribu- The CCD during the Paleocene to middle
tion of Horizon AC, the thickness and acoustic Locene probably was 4 to 4.5 km deep (Tucholke
signature of sediments between Horizons AC and Vogt, 1979). By late Paleocene time, a
and A*, and the lithology cf sediments cored substantial fraction of biogenic silica was
from this interval, we can determine several deposited both with carbonates above the CCD
aspects of the Early Paleogene sedimentary and with deeper-basin clays. The implied
environment that led up to the deposition of stimulation of biogenic silica production in
Horizon AC. As noted earlier, Maestrichtian surface waters ma, have been produced by
carbonates correlating with Horizon A* upwelling of cooler, nutrient-rich bottom
accumulated in a pelagic environment through- water; this water is thought to have originated
out most of the basin. East of the Hattexas at higher latitudeF and surfaced in upwelling
Abyssal Plain the sediments immediately ?:nes alo.., a west-flowing circumglobal
overlying Horizon A* are mostly acoustically curreut through the Tethys, North Atlantic
non-laminated and they generally conform to and Pacific Oceans (Berggren and Hollister,
the shape of Hori7on A* suggesting that 1974).

3 pelagic depositio: zontinued :nto the Paleo- Biogenic silica produtcion and/or seafloor
3 cene. Paleccene deep-basin sediments are silica preservation were enhanced most strongly

poorly represented in JOIDES boreholes, but in the late-early and early-middle Eocene.
I lithofacies at Site 385 (zeolitic clay) and The chert resulting from burial and diagenesis

'ite 387 (radiolarian clay) also indicate of these sedimeics now forms Horizon AC.
Lhut pelagic and hemipelagic deposition of Similar Eocene cherts have been drilled in
clay and biogenic silica bllow Lhe CCD were the eastern North Atlantic (Petersen, Edgar,
dominant (Tucholke, Jogt, and others, 197q). and others, 1970), the Caribbean (Edgar,
AL Site 381 cn the western Bermuda Rise, the Saunders and others, 1973), and the equatorial
low- Paleocene section contains black, Pacific (e.g. Tracey, Sutton and others,
carb-i-rih sediment similar to the Lower 1971). Siliceous sediments associated with an
Czet:¢eous black clays, anud it probably authigenic mineral suite indicating alteration
accumula-. i in a anoxic environment. of volcanic glass also are observed in shallow-
There are some exceptions to these indIca- water sediments exposed along the Atlantic

tions of quiesceakt pelagie depositica. On the coastal plain and Gulf Coast (Gibson and
southwest Betmuda Zse, the non-laminated Towe, 1971).
sediments above Haizon A* exhibit marked The exact caus,- of the strongly increased
thickness variations (Figure '5), and it is silica content of thes, Eediments still is
likely that they were reworkeu by bottom unclear, although most hypotheses incorporate
currents. Consider.ng the early Paleocene enhanced deep circulation and upwelling
anoxic conditions indicated at Site 387, this (Jones and others, 1970; Berggren and Phillips,
bottom-current activity must have begun In the 1971), increased nutrient-phcvphorous and

Latter half of the Zaleccee. Climatic silica supply to surface water through subaerial
Icoolig began at tnis time (Boersmaand volcanism (Gibaon and Towe, 1971; Mattson and

others, 197Z), an' the deep circulation may Pessagno. 1971), or a combination thereof
have been stimulated by formation of cool (Berggren and Hollister, 1974). Herwan

!,ottom water at high latitudes. (1972) suggested that the cherts resulted
Beneath the Hatteras Abyssal Plain and the from coincidence of increased productivity
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Figure 15. Seismic profile from southwest Bermuda Rise showing differential thickening
between Horizons A* and AC probably caused by abyssal currents. Location in Figure 12.

(due to cooler climate) and increa~ed seafloor confirm the correlation between Horizon AT
silica preservation (due to increased silica and the top of the turbidites. However, two
input to bottom water from submarine volcan- of the sites (6,8) cored sediments from the
ism). The rapid biogenic silica accumula- AC-AT interval and recovered turbidites with
tion in the early to middle Eocene probably abundant calcareous, siliceous, and terri-
cannot be ascribed solely to cooling climates genous debris. Only minor, locally derived
and .ncreased upwelling; although there was a turbidites are present above Horizon AT in

gradual cooling in the early to middle Eocene, che -ermuda Rise drillsites.
temperatures probably remained stable during As liscussed earlier, these sediments .7ere
the remainder of the Eocene (Margolis, 1976), deposited from turbidity currents that

and continued rapid silica accumulation might originated along the continental margin of
be expected in contrast to observed decreases. North America. The distribution " Horizon
Thus an episode of increased volcanism in AT (Figure 16) shows that the alstal parts of
conjunction with the cooling climate may best these currents reached as far as the present
explain the relatively short duration of the central Bermuda Rise, some 1200 km from the
enhanced silica accumulation. Significantly source area. At their eastern limit, the
increased volcanism in late Paleocene to turbidites ponded into middle Eocene topographic
early Eocene time is known to have occurred depressions and fracture zones, much like the
in both the Brito-Arctic (Thulean) and Quaternary ponding along the northeast marginCaribbean regions (Jacque and Thouvenin, of the Nares Abyssal Plain (Shipley, 1978).

1975; Khudoley and Meyerhoff, 1971, among The abrupt transition from turbidite to
others) and at Bermuda (Tucholke, Vogt, and non-turbidite deposition marked by Horizon AT
others, 1979). Major tectonism ana volcani- on the western Bermuda Rise probably resulted
city also occurred throughout most of the from uplift that began to form the rise in
Tethyan region during this time (Dewey and the middle Eocene. This timing agrees with I
others, 1973). the probable age of the main edifice-buildinp

volcanism that formed the Bermuda pedestal;
Horiz'i AT ind Formation of the Bermuda Rise drilling rasults at Site 386, 140 km southeast

of Bermuda, show that the Bermuda volcanoes
Horizon AT overlies Horizon AC by about had reached sea level and were being actively

0.05 to 0.2 seconds reflection time (nominally eroded by late middle Eocene time (Tucholke
45 to 190 m) in the Horizon-A Complex (Figures and Vogt, 1979). Based on limited biostrati-
10,13). In most of the region between graphic data, the turbidites correlating with
Bermuda and the continental rise it marks the Horizon AT appcar to become younger toward
top of the complex. The reflector correlates the west, ranging from middle Eocene at Site
with the uppermost occurrence of mixed bioclas- 386 on the central Bermuda rise to late
tic/terrigenous turbidites at Sites 386 and Eocene at Site 8 just west of the rise. Such
387 on the Bermuda Rise (Tucholke, 1979). diachronism is reasonable becaus. urbidites

Three other drill sites (6,7,8) penetrated should progressively offlap the Bermuda Rise

the reflector but were too sparsely coied to toward the west as it was uplifted. Farther
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Figure 16. Distribution of Horizons AT, AV , and AU. The Horizon AU unconformity (hori-
zontal lines) truncates older reflectors beneath the continental margin as shown.

west beneath the Hatteras Abyssal Plain Hori- Late Paleogene Sedimentation, Erosion, and the
zon A

T has not been drilled, but it is likely Origin of Horizon Aa

to be younger than late Eocene. Drilling and
dating this horizon at several locations After deposition of Horizon AT on the

along the western Bermuda rise and Hatteras Bermuda Rise in the middle to late Eocene,
Abyssal Plain could provide a method for the CCD level remained near 4000-4500 m
studying the timing and dynamics of uplift (Tucholke and Vogt, 1979), and siliceous
that formed the Bermuda Rise. The amount of hemipelagic clays accumulated in most of the
uplift presently can be estimated at two deep basin. Deposition of turbidites conti-
drillsites; if we assume that Horizon AT is ntr.d for an unspecified time in the region of
isochronous and that it was a level (abyssal the present Hatteras Abyssal Plain, but
plain) surface in the middle Eocene, then eventually ceased. Horizon AT in this area
present depths of the reflector suggest that is overlain by acoustically non-laminated
uplift was about 400 m at Site 387 and 700 m sediments that extend upward to the base of
at Site 386, relative to the central Hatteras the modern (Plio-Pleistocene) Hatteras turbi-
Abyssal Plain (Tucholke and VogI, 1979). dites. The Paleogene influx of turbidites
However, these values are minima becaune of from the continent may have been stopped

the possible diachrorism of the reflect -r. because of strong erosion of the Paleogene
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continental rise by abyssal currents (see

discussion below).
Oligocene sediments are very poorly represen-

- cfl . I ted in deep-sea boreholes, but cae driilsite

(387) on the western Bermuda Rise suggests
* .0 that deposition of biogenic silica continued

Z _ C in diminishing quantities until middle or
(n .late Oligocene time. Younger sediments

4 14 contain little siliceous debris except for
0 sporadic local occurrences. The cause of the

diminuation and cessation of biogenic silica

o "deposition is uncertain. However, because

-o the production of siliceous organisms probably

A was related to deep and surface circulation

flowing circumglobal "equatorial" current, it

is likely that circulation changes were

. responsible. Three factors may have been
'- significant. First is the general climatic

r 4 cooling that characterized the Eocene and
00 Oligocene (Savin and others, 1975) and its

044 possible effect on the westward flow of the
0 "equatorial" current. If the cooling forced

0 an eguatorward compression of global wind belts,
0 -then the Tethys Sea north of Africa-could

-' 0 gradually have come under the influence of

4 0 westerly rather than easterly (equatorial)
winds. Second, the north coast of Africa in
the Eocene probably was near 25N latitude

Z and slowly drifted north by 5 to 6 degrees by

I the end of the Oligocene (Berggren and
Hollister, 1974). The combination of the

SWH northward drift of Africa and the southward
H 0 shift of the westerlies wind belt could have

markedly diminished westward flow through the
Tethys. The flow from the Atlantic into the

r. Pacific thus would be reduced and limited

more to equatorial latitudes, and it would be
cc U accompanied by shifts of high productivity

14 areas from the central to equatorial North
H ~ Atlantic. A third, complementary factor may
4Q $4 have been increased intensity of the deep i
4circulation, probably associated with the

- 0 cooling Paleogene climate. Sverdrup and

Do U others (1942) and Ramsay (1971) have noted
% , 0 that bio,,enic silica productior in the present

O 2 equatorial Atlantic is limited because necessary
nutrients are removed to the South Atlantic

CO O and beyond by the southward flowing North
Wi W 0 0 Atlantic Deep Water. Therefore, increased

O0.o deep circulation in the Paleogene actually
Uo may have hindered rather than stimulated

i 0 !o surface production of biogenic silica.
O) Deep currents of increased intensity in

%; . Paleogene time account for one of the most
-jH dramatic changes in abyssal sedimentation

1- that the western North Atlantic has experienced.

The deepest seismic expression of these

Z M current effects is orizon AU. This reflector
00 correlates with an erosional unconformity

beneath the continental margin and it truncates
C I a variety of deeper reflectors (Figures 14,

16, 17). Both Horizons AT and AC are observed
SaNOflls near Site 8, but Horizon AU truncates these
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reflectors toward the west, and at Site 105, ward extrapolation of known sedimentation

160 km southwest of Site 8, the unconformity rates at Sites 102, 103 and 104 indicates
cuts close to or beneath Horizon A* (Figure that sediments as old as lower Miocene may
17). To the north at Site 106, Horizon AU overlie Horizon AU. Thus the erosion -probably
probably immediately overlies the cherts of occurred at some time between the late Eocene
Horizon AC (Figure 16). and early Miocene.

The most significant erosion of the Paleogene The apparent difference in depth of erosion
continental rise occurred south of Cape north and south of Cape Hatteras (Figure 16)

Hatteras (Figures 16, 18) where Horizon AU may be due to interaction between the southerly
merges with, but does not cut significantly flowing WBUC and the Gulf Stream. The Gulf

below Horizon 8. Apparently the carbonates Stream probably was well developed in Paleo-
below Horizon 8 were well lithified beneath a gene time (Berggren and Hollister, 1974), and
substantial sediment overburden before they current shear between the base of this flow

were excavated by Paleogene bottom-current and the WBUC could have reduced the erosive
erosion. Based on the depths at which erosion- power of the WBUC north of Cape Hatteras. It
resistant limestones are encountered in other also is possible that less sediment origi-
DSDP boreholes with continuous sedimentary nally blanketed Horizon 8 south of Cape
records, at least 400 m of overburden were Hatteras, although we do know that massive
removed. Farther south, in the "Horizon A - deposits of Lower Cretaceous black clpv

Horizon 8 outcrop" area near San Salvador covered Horizon 6 off the southern Blak
(Ewing and others, 1966; Windisch and others, Plateau (Figure 11).
1968), Horizon AU rises and intersects the Tucholke and Vogt (1979) have discussed

present sea floor (Figures 4, 6, 7). At DSDP possible reasons for intensified deep circula-
Sites 5 and 100 in this area, calcareous tion and erosion during this interval. The

sediments from below Horizon 8 are poorly presently acceptable alternatives seem to be
lithified, and it is unlikely that they ever that 1) currents gradually intensified

were covered by substantial overburden during Late Paleogene time, probably because
(Ewing, Worzel and others 1969; Hollister, of cooling climate, and they eroded the

Ewing and others, 1972). continental rise over a period of some 15-20
The distribution of Horizon AU (Figure 16) m.y., 2) after the Greenland-Iceland-Faroe

clearly suggests that the unconformity was Ridge subsided below sealevel during or
eroded by a southerly flowing, westward- following the late Oligocene (Talwani, Udintsev,
intensified abyssal boundary current, probably and others, 1976), cold water from the

a precursor to the modern Western Boundary Norwegian-Greenland Sea flooded the North
Undercurrent (WBUC) (Heezen and others, American Basin and caused erosion on a catas-

1966). However, determining the exact timing trophic scale within a few million years, or
of the erosion is difficult for two reasons. 3) both occurred. Just as puzzling as the
First, the youngest sediments into which the cause of the erosion is the mechanism by

unconformity is cut mostly are acoustically which current intensity was "suddenly" reduced,

non-laminated in conventional profiler records allowing rapid deposition of middle (lower?)
(e.g. east of Site 8; Figure 17), and conse- Miocene and younger sediments. For example,
quently there is no detectable impedance Miocene sediments at Site 104 on the Blake

contrast identifying Horizon AU. Where the Outer Ridge accumLlated as rapidly as 10

youngest sediments are laminated, the unconfor- m/m.y. (Hollister, Ewing and others, 1972).
mity intersects them at such a low angle that Possible explanations for this change to

it is very di icult to determine which beds depositional conditions include 1) eventual

have been ertlsd. Second, most DSDP boreholes reduction and stabilization of thermohaline
that have penetrated Horizon AU were drillee gradients responsible for the deep flow, 2)
in areas where a major portion of the sedi- reduction of southward flow of "Arctic"-
mentary section is missing; for example the derived bottom water during Antarctic glacia-
Upper Cretaceous to middle Miocene section is tion, and 3) late Oligocene opening of the

missing at Site 105, and the % Cenomanian to Drake Passage to deep circumpolar flow and
upper Miocene section has been eroded at Site consequent reduction of southward "draw" on

101. Site 8, which was drilled near the North Atlantic Deep Water by the Antarctic
eastern edge of Horizon AU, was too sparsely Circumpolar Current east of the Scotia Arc

cored to pinpoint the age of erosion. However, (Tucholke and Vogt, 1979). Other explanations

seismic profiles in this area do indicate are possible, and there clearly are a host of
that the unconformity was cut into Horizon AT outstanding questions on the deep circulation

(late Eocene turbidites) at or near Site 8. that remaia to be answered.
The oldest sediments cored above the unconfor- Considering the likely morphology of the
mity are of middle to late Miocene age (Sites Paleogene continental rise and probable
8, 101, 3--, 106, 388; Hollister, Ewing and thickness of sediment that was eroded, we can
othert, -:72; Sheridan, Benson and others, estimate very roughly that some 2 X 105 km

3

1978). Beneath the Blake Outer Ridge, down- of sediment were removed during the erosional
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Figure 18. R/V CONRAD 20-12 large-volume-airgun seismic profile approaching the north
flank of the Blake Outer Ridge. Horizon All approaches and cuts down to Horizon a
under ridge (partially obscured by.bubble pulse). Location in Figure 16.

episode. Beneath the continental rise north probably was intruded by lamprophyre sheets
of the New England Seamounts, an erosional as late as early Oligocene time (Reynolds and
unconformity of about the same age may be Aumento, 1974). The subaerial weathering of
present (Parsons, 1975), and perhaps half as the volcanic pedestal is recorded by coarse
much sediment was eroded from this segment of volcaniclastic turbidites deposited at DSDP
the continental margin. The fate of this Site 386 about 140 kmn southeast of Bermuda
large volume of sediment is uncertain. The (Tucholke, Vogt, and others, 1979). These

seietwudhv omda layer about 50 m turbidites form a strong reflector, termed
thick if spread uniformly throughout the Horizon AV, that surrounds Bermuda and merges
contemporary basin outside the erosional with the acoustically opaque archipelagic
zone. Realistically, some of the sediment 2pron of the island (Figures 16, 19a). At
probably was transported along paths of other Site 386, the top of the turbidites d=tcs to
established but less intense abyssal flows to the late Oligocene, but Horizon AV may varyi
form the cores of major depositional ridges somewhat from this age at other locations,
such as the Greater Antilles Outer Ridge depending upon the complexity of turbidite
north of Puerto Rico (Tucholke and Ewing, dispersal paths from the Bermuda pedestal.
1974). Sedimentation rates on the northern Horizon AV , although of only local extent, is
Bermuda Rise also increased dramatically some particularly interesting because it closely
time after the deposition of Horizon AC in overlies Horizons AC and AT and is distinguish-
the middle Eocene, (compare Figures 15, 19b; able from them only upon close examination of
Ewing and others, 1970; Tucholke and Vogt, high-quality profiler records. Furthermore,
1979), and the massive sediment drifts on the because the horizon is highly reflective, it
northern rise may contain sediment eroded commnonly masks the deeper reflectors near the
from the continental margin. The main abyssal pedestal (Figure 19a). Thus, less than
boundary current probably carried much of the rigorous examination of the seismic stratigraphy
entrained sediment into the South Atlantic or near Bermuda could lead to the erroneousfarther. In the Argentine Basin, thick conclusion that deposition of "Horizon A"

sediment drifts began io form and sedimentation (A , AT , AV ) and the culmination of Bermudan
rates increased sharply during the late volcanism and denudation were coincident andOligocene and early Miocene (Supko, Perch- dated to the middle Eocene.

Nielsen, and others, 1977), but it is not
clear that this was caused by increased Neogene Current-Controlled Sedimentationsediment influx from the North Atlantic.

V ~Effects of the-deep circulation on sedimenta-Horizon A Emergence History of the Bermuda tion patterns are clearly expressed in middle

Pedestal Miocene and younger sediments deposited abovefhtHorizon AU along the continental rise, nd in
As noted earlier, the volcanic foundation sediments above Horizon AC and AT elsewhere

of Bermuda emerged above sea level by late in the basin (Figures 6, 13, i7). Patterns
middle Eocene time, although the pedestal of differential sediment accumulation range
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WL structure of the hills (Figure 17). However,
the high-energy sound source used to record
the profile in Figure 20 shows that the hiils

BERMUDA" are sediment waves containing migrating,
differentially deposited beds ti.at are charac-
teristic of current-controlled deposition.

M Farther south, the Blake-Bahama Outer Ridge
3_ is constructed primarily of Miocene and

younger sediments, and it overliea a Horizon
.n AU unconformity that is relatively flat

0 4 - (Figure 18) or that has sculpted older sedi-
O AV ments (Figure 6). Unconformable relationships
Wamong seismic reflectors within the Neogene

5 sediments and unconformities encountered in

boreholes show that the development of this

ridge system is complex and still poorly
6- *, . . - understood, but the evolution undoubtedly

. ,._ has been dominated by the depositional and" ",erosional activity of the Western Boundary

V- .Undercurrent (Markl and others, 1970; Bryan
, .1970; Ewing and Hollister, 1972). Other
C depositional ridges such as the Caicos Outer

a Ridge off the Bahama Banks and the Greater
Antilles Outer Ridge north of the Puerto Rico

E W c/c CiW E Trench also have formed primarily in the
- Neogene through current-controlled deposition

N (Tucholke and Ewing, 1974).
N ?A* Reflectors within the continental rise

0) 6- - above Horizon AU also show complex interrela-
tionships that probably were controlled by
flow of the Western Boundary Undercurrent and

W 7 by variable sediment influx related to sea
Ulevel changes. In many locations reflector

relationships are complicated further by
slumping. We have not traced Horizon Au

unambiguously beneath the upper continental

b rise nor satisfactorily interpreted the
Neogene evolution of this sedimentary prism.

Figure 19. Seismic profiles across the nor- However, because Horizon AU extends westward
them Bermuda Rise. In (a) note Horizon AV in a relatively level attitude well below te
merges with the archipelagie apron of Bermuda central continental rise, there can be little
pedestal and masks deeper reflectors. In (b) doubt that the present rise evolved in response
note thin sedimentary sections between Horizon to Neogene processes.
AC and acoustic basement, and massive sediment Away from the continental margin, one of
drifts a ove. Locations in Figure 16. the most active regions of late Paleogene and

Neogene current-controlled deposition has
in scale from small moats around basement been the northern Bermuda Rise (Figure 19b).
peaks to major depositional ridges such as Laine (1978) presented evidence that sediment
the Blake-Bahama Outer Ridge. One of the there has been deposited from a deep, westerly
best intermediate-scale examples of deposi- return flow in the clockwise Gulf Stream
tion controlled by the Western Boundary gyre. If this hypothesis is valid, then most
Undercurrent is seen in a large-volume nirgun of the sediment deposited on the northern
profile across the "lower continental rise Bermuda Rise could have been entrained by the
hills" near DSDP Site 105 (Figure 20). The Gulf Stream from the Western Boundary Under-
origin of these hills has been a matter of current along the U.S. continental margin.
long-standing debate. Explanations have The marked late Paleogene and Neogene
ranged from gravitational sliding (Ballard, change in sedimentation patterns demonstrated
1966; Emery et al., 1970), to current-controlled by the seismic stratigraphy also is indicated
deposition,(Fox, et al., 1968; Rona, 1969; in the sediment lithology. Sediments deposited
Ewing and Hollister, 1972), and to Pleistocene throughout the basin during this period
erosion and sculpting by turbidity currents consist of gray-green and brown hemipelagic
(Asquith, 1976). The uncertainties resulted clays and silty clays (Blake Ridge Formation',
primarily from the fact that most seismic in contrast to underlying siliceous llthofac'.es

.profiles do not clearly define Lae internal (Jansa and others, 979). Graded turbidite
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Figure 20. R/V CONRAD 21-01 large-voluge airgun profile across the "lower continental

rise hills" near Site 105. Note resolution of migrating reflectors within sediment

wavhs above Horlzon AU. Location in Figure 16.

deposits have been cored in several boreholes sediment to the deep basin was reduced,

(106, 382, 383) and are traceable as acoustic- probably because of gradually rising sea

ally laminated sequences in seismic profiles level and the growth of reef barriers along

across the modern abyssal plains. This latest the edge of the continental shelf. Oxfordian

phase of turbidite deposition and formation to Hauterivian/ Barremian sediments recovered

of the present abyssal plains probably began from the seismic interval between Horizons B

near the end of the Pliocene. and 1 in the deep basin are dominantly pelagic
limestones and marly limestones. The numerous,

Summary closely spaced reflectors in this seismic
interval generally conform to the shape of

By mapping the seismic stratigraphy in the underlying depositional surfaces, which also

North American Basin and correlating reflectors suggests the pelagic nature of the sediments.

with the lithostratigraphy and biostratigraphic Thus the reflectors generally are smooth

age data at DSDP boreholes, we have been able above Jurassic crust, but farther east they

to interpret major aspects of the sedimentary drape over irregular basement. The seismi-

history of basin. By itself, no one of these cally mapped pinchout of Horizon 1 is on

stratigraphic studies would be as useful in crust of Hauterivian-Barremian age.

examining the geological history. Relationships Horizon B marks a rise in the CCD near the
among these stratigraphic elements are summarized end of the Neocomian and a change from deposition

in Table 1 and Figure 14. of carbonates in an oxygenated environment to

Deep reflectors beneath the continental deposition of black and green-gray clays

rise define relatively smooth, acoustically under alternately anoxic and poorly oxygenated

laminated seismic sequences that pinch out conditions. The black clays are acoustically

P eastward on crust of Early to Late Jurassic non-laminated and of relatively uniform

age. These sediments have not been drilled, thickness (% 100 m) in most of the deep

but their acoustic character suggests that basin, indicating dominantly pelagic and

they are dominantly terrigenous and bioclastic hemipelagic deposition with continued re-

sediments emplaced by debris flows and turbidity striction of terrigenous sources. Several

currents. Seafloor smoothing by these sediments thick lobes of black clays along the conti-
is most conspicuous in the southwestern part nental margin were deposited seaward of

of the basin where Horizon B (smooth acoustic probable breaches in the marginal reef system.

basement) is formed by highly reflective Beginning about Turonian time, bottom water

sedimints onlapping and seismically masking in the western North Atlantic again became

upper=Middle to Upper Jurassic (anomaly M-23) oxygenated but the CCD remained shallow, and

basaltic crust. Up to this time, sediments only a few tens of meters of pelagic multi-
transported downslope across the continental colored clays were deposited in the deep

margin probably covered most of the Jurassic basin during the Late Cretaceous. However,

seafloor. Local basement rises, such as that the contemporary continental rise received
at Site 105, were notable exceptions. a gradually increasing influx of sediment

By Early Cretaceous time, influx of clastic from the continental shelf. %.elf-edge reefs
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that became extinct in the middle Cretaceous drifts, local moats, and other patterns of
probably were overstepped by shelf sediments, differential deposition. All of these patterns
a..d lowering Late Cretaceous sea level facili- attest to the development of the abyssal
tated sediment dispersal to the deep sea. circulation as an effective geologic agent
A rapid, brief depression of the CCD in the after late Eocene time.
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EVOLUTION OF THE ATLANTIC CONTINENTAL MARGIN OF THE UNITED STATES

by David W. Folger, William P. Dillon, John A. C.zw, Kim D. Klitgord, John S. Schlee

U. S. Geological Survey, Office of Marine Geology,
Woods Hole, Massachusetts 02543

Abstract. Since latest Triassic time, sediments sedimentation ended or slowed owing to initiation
have been accumulating on subsiding continental, of stronger Gulf Stream flow; off New Jersey and
transitional, and oceanic crust. The Continental New England, limited deltaic deposition occurred.
Rise lies on oceanic basement that can be traced The shelf edge has shifted 20-30 km landward of
by its characteristic hyperbolic acoustic signa- the Cretaceous shelf edge, apparently in response
ture and weak lineated magnetic anomalies from the to numerous sea level lowerings which may have
deep sea across the Jurassic magnetic quiet zone started in the early Tertiary and culminated in
as far landward as the Fast Coast Iagnetic Anomaly Pliocene and Pleistocene time. Of greatest
(ECMA). Fracture zones delineatea in the oceanic petroleum potential in the sedimentary basins are
basement are aligned with displacements in the traps associated with intrusions, carbonate reefs
edge of the adjacent continental crust which and banks, pinchouts in the transgressional wedge,
appear to control, in part, the geometry of the drape structures o:er deeply buried fault blocks,

four major structural basins that underlie the and a eew diapirs.
continental margin landward of the ECMA. Transi-
tion zones between basins and platforms are often 

Introduction

defined by the disruption of gravity and magnetic The U. S. Geological Survey has been collecting
anomaly trends which parallel the margin. Broad, geological and geophysical data on the Atlantic
weak, free-air gravity anomaly lows and long-wave- and Gulf coast continental margins of the United
length, low-amplitude magnetic anomalies charact- States since 1962. The first six years of this
erize these basins while weak gravity highs and effort involved mainly the mapping of bathymetry,
high amplitude short wavelength magnetic anomalies sediment characteristics, and shallow stratigraphy
are more typical over the intervening platforms. based on single-channel seismic profiles (see

Followirg separation of North America from Emery and Uchupi, 1972). By 1968 the sediments on
Africa in the Late Triassic and earliest Jurassic, tae Atlantic shelf had been sampled on a 10-km

sediments accumulated rapiciy on rifted and s.acing (Hathaway, 1971) and seismic surveys com-
thinned continental and/or transitional crust, but pleted on a 50-75 km spacing. These studies pro-
more slowly on oceanic crust seaward of the ECMA. vided an excellent picture of the regional shallow
During Late Cretaceous and Tertiary, subsidence szratigraphy and surficial sedinent texture and
slowed and tectonism was limited to regional mineralogy, but were not adequate to assess deep
warping and minor faulting. As much as 10 km of structure and stratigraphy nor to evaluate import-
total sediment were deposited in the Georges Bank ant environmental phenomena such as sediment
basin, 14 km in the Baltimore Canyon Trough, 8 km dynamics and geotechnical properties.
in the Southeast Georgia Embayment, and 12 km in Partly in response to leasing initiatives, in
the Blake Plateau. Upper Triassic and Lower 1973 new studies were undertaken of the environ-
Jurassic continental beds and some evaporite mental hazards on the Outer Continental Shelf of
deposits gave way to carbonate deposits of Late the Gulf of Mexico and of the resource potential
Jurassic to Early Cretaceous age; marine sands and environmental hazards on the Atlantic Outer
and clays prograded during the remainder of the Continental Shelf. The new data have included
Cretaceous. In the early Tertiary, Blake Flateau gravity, magnetic, and multichannel seismic - -
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The Atlantic continental margin of the United
* States is one of the most extensively studied

i _ M1 areas of the world. Sediments were sampled in the
19th century (Pourtales, 1872) and some of the

"- earliest marine geophysical surveys were carried
. out off the mid-Atlantic stazes (Ewing and others,

' 1937, 1938, 1940). By the 1950's, syntheses of
if" seismic refraction measurements revealed thick

It, (5 km) sedimentary prisms beneath the shelf that
had compressional velocities <4.5 km/&; underlying
rocks ::hat had velocities >5.3 km/s were inter-

4e preted to be basement (Ewing and Press, 1950;
Ewing and Ewing, 1959; Drake and others, 1959). In

CY a classic paper, Drake, Ewing, and Sutton (1959)
equated two sedimentary troughs, one beneath the
Shelf ond another beneath the upper Continental
Rise, off the Atlantic margin with the mio- and
eugeosynclines of Stille (1936, 1941) and Kay

Z5 -(1951).
Subsequently, single channel seismic reflection

profiles (Emery ".nd Uchupi, 1972) revealed hori-
IN _ -zons on the Contipental Slope .ehere water-bottom

S"multiple problems were not as severe as on the
. @ Continental Shelf. From these and other data, the

high velocities near the Shrlf edge in the earlyI.refraction studies were reinterpreted and attri-
buied to carbonate rocks (Emery and Uchupi, 1972;

.•Sheridan, 1974; Hattick and others, 1974, 1976a;
. Schlee and others, 1976, 1977; Grow and others,

1978) instead of basement.
The first Common Depth Point (CDP) seismic

- reflection profiles to be released to the public
were contracted by the U. S. Geological Survey on
the Atlantic margin. They revealed that the sedi-
mentary trough beneath the Shelf contained more

.- . than 12 km of sediment and the trough beneath the
Continental Rise contained less than 8 km of sedi-
ment (Schlee and others, 1976; Grow and others,

1 r 1978). The troughs were similar In outline to/ - those described by Drake and others (1959) but

the CDP profiles showed that the thicker section
33 lay under the Shelf and not under the Slope as

previously suggested. The troughs were separated
1 by an acoustically-op4que zone at 3-6 km depth

(Behrendt and others, 1974; Schlee and others,1- 1976; Grow and others, 1979).
Early aeromagnetic and shipboard geomagnetic

surveys over the-Atlantic continental margin

revealed a!t prominent positive anomaly along the
_.. - - :Outer Shelf and Slope which is known as the East

" - , Coast Magnetic Anomaly (Keller and ethers, 1954;
-:. =- Drake and 6thers, 1963; Taylo; and others 1968).

Taylor and others t1968) constructed a 100 nT
Fig. 1. Tracks along which multichannel contour magnetic anomaly map of the ,tlantic mar-
seismic data nave been collected for the gin which suggested that basement is shallow
U. S. Geological Survey between 1973 and under the Inner Shelf but is m_%ch deeper under
1978. the Outer Shelf and ontinental Rise. They also

inferred that the East Coast Magnetic Anomaly,profiles; sediment cores as much as 300-m long; was caused by a vertical intrusive body about 30-
suspended sediment concentrations; and bottom km wide only 7 km beneath the Outer Shelf and
current -easurements. This paper presents only upper Slope.
those data that provide new information on the Early gravity measurements along the U. S.
structural and stratigraphic evolution of the Atlantic margin were made by means of pendulum
Atlantic continental margin-. systems aboard su1arines (Worzel ard Shurbet,
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Fig. 2. Tracks along which aeromagnetic data were collected by LKB Resources,
Inc. for the U. S. Geological Survey (from Klitgord and Behrendt, 1979).

1955; Worzel, 1965). By the late 1960's, improved Geological Survey data have been compiled to pro-
surface ship gravimeters increased the quality and vide a free air gravity anomaly nap contoured at
quantity of the data collected. Free air gravity an interval of 10 mgal (Grow and others, 1976, in
anomaly maps of the Atlantic continental margin press; Grow and Bowin, 1977; Ewing, 1978).
were published by Emery and others (1970) and In addition to these extensive geophysical
Rabinowitz (1974) at contour intervals of 20 and investigations, several drilling, coring, and
25 mgal. More recently, U. S. Navy and U. S. dredging programs have provided geological samples
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Fig. 3. Tracks along which Fravity data have been collected by the
U. S. Geologial Survey during 1975 and 1976 and by the U. S. Navy

between 1966 and 1963 (Grow and Bowin, 1977; Grow and others, in

press).

from this region. Published stratigraphic and cross-shelf line spacing of about AO0 kmn; in addi-
palcoecologic infornation includes a study of the tion, one long line extends continuously along the A
COST B-2 well (Scholle, 1977; Poag, 1978); deep- Shelf from Nova 1cotia to I %e Bahamas, another lies
sea drilling sites (JOIDES, 1967; Hollister, Ewing along the base of the C,.ntinental Slope from

and others, 1972); the Atlantic Slope Project (ASP) Georges Bank to the Blake basin, and several other
of Exxon, Mobil, and Chevron Oil Companies (Poag, short lines parallel the Shelf edge.
1978); the USGS Atlantic Margin Coring Program Although most of the CDP data presented have
(Hathaway and others, 1976; Poag. 1978); dredge been acquired and processed by contract geophybical

hauls from submarine canyons (St tson, 1936, 1949; companies, some of the lines in the Blake Plateau
Heezen and Sheridan, 1966); and samples collected area were obtained in cooperation with the Univer-
from submersibles (Gibson and others, 1968; see sity of Texas and the institut Frangais du Petrole

Weed and others, 1974; Ryan and others, 1978; Most data were collectp~d with an array of air guns
Valentine, 1978)'. (volume: 1400-2200 i113 at 1800-2000 psi) fired

simultaneously every 50 m; returning signals were
Methods of Investigation received by a 24- to 48-group (50- and 100-n

s'iacing) hydrophone array 2.4 to 3.6 km long. Data

Common Depth Point (CDP) Seismic Profiles were recorded on a 48-channel tape recorder and a
single channel analog recorder. Tapes were pro-

We now have 20,000 km of CDP profiles collected cessed to include true amplitude recovery, normal

from 1973 through 1978 (Fig. 1). This gives us a move-out correction, common depth point gather,
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Fig. 4. The major structural elements on the Atlantic continental margin
with fracture zones and magnetic anomalies depicted offshore and the dis-
tribution of basins and platforms along the margin (from Klitgord and
Behrendt, 1979).

velocity analysis, CDP stack and time variant deconvolution-type method (Hartman and other4 1971;
filtering, and horizontal stack. Jain, 1976) which assumes that the magnetic sources

are either two dimensional dikes or edges of iock
Geomagnetic Profiles bodies. Generally, sediments within a basin have

weaker susceptibilities than basement; therefore,

A new 185,000 km high-sensitivity aeromagnetic the sources of major magnetic anomalies are inter-

survey (Fig. 2) was acquired through contract in preted to be basement structures, magnetic suscept-

1975 with LKB Resources, Inc. It was combined ibility variations within basement rocks, or vol- N

with aeromagnetic data collected in 1964-66 by the canic rocks within basement or the overlying
S. Naval Oceanographic Office (published in sediment column. Methods for estimating magnetic

1966 and 1972) and with srface ship data published source depths require assumptions about the
by Vogt and others in 1971. The summarized data sources. In the interpretations presented, seismic

have been interpreted by Klitgord and Behrendt reflection and refraction profiles and borehole
(1979). Magnetic anomaly maps were compiled at a data have been used to limit these assumptions and

scale of 1:250,000 with a contour interval of 2nT thereby to increase the reliability of the depth

by LKB Resources, Inc. and at a scale of estimates.
1:1,000,000 with a contour interval of 50 nT by
Klitgord and Behrendt (1977). Gravity Measurements

The depth-to-basement maps (Klitgord and
Behrendt, 1979) and parts of the geologic cross During 1975 and 1976, approximately 39,000 km of

sections presented in this paper are based on new gravity data were obtained along the U. S.

depth-to-source estimates derived from a Werner Atlantic margin on USGS cruises using the Woods
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Fig. 5. Gravity field over ti,. S. Atlantic continental margin(from Grow and others, in press). Prepared from U. S. GeologicalSurvey and U. S. Navy data (Fig. 3) plus-previous data from Emery
and others (1970) and Rabinowitz (1974).

Hole Oceanographic Institution's vibrating-string Results of Investigationssea gravimeter (Bowin and others, 1972) (Fig. 3).
Navigation used satellite and Loran-C systems for Overview
positioning; velocity was measured bya combination
of doppler sonar, range-range Loran-C, and Chesa- We now have enough data to recognize the majorpeake Speed Log. The root-mean-square of the line structural elements of the U. S. Atlantic margincross errors for these cruises are less than 2-1/2 and to construct diagrammatic cross sections ofmgal, and the data are satisfactory for contouring the major basins and platforms. High quality deep -Lat a 10 mgal interval. These data were combined seismic reflection data have reduced ambiguitieswith recently declassifid U. S. Navy data and in the interpretation of gravity a-a magnetic datapreviously published data to provide a preliminary anC conversely, where CDP data are weak, as at themap north of 36N (Grow and others, 1976); and a Shelf edge, aeromagnetic data have strengthenedrevised free-air anomaly map of the entire margin the interpretation. Nevertheless, integration offrom northern Florida to Maine at a l0-mgal contour such extensive geophysical measurements is onlyinterval has been prepared by Grow and others (in beginning; thus, this paper is an initial attemptpress). 

to review it briefly in one place.

92 FOLCIER

-

---__--:

_~ _



~USGS LINE 5 /-0... q

CAPE COD j

,50f  EAST COAST 200 <
'J MAGETIC ANOMALY 2

0 .400

LOCAL AIRY S1'STATIC GRAVITY ANOMALIES

SHELF TROUGH j RISE TROUGH 600

S. CONTINENTALCRUST (......)
. . . . . . . . .. . . ''-,:.V:.. :. : .....

R " . OCEAN

TRIASSIC......................__ TTEIA
'CREDE BED.EVAPORITES.

-L ERCRT U CRUST -LAYER
"

R I TED THINNED -£ :iAND INTRUDED -F-

"r ':.'-_ "-CONTINENTAL CRUST

20 20 23
I MANTLE

~EXPLANATION - '

T: TERTIARY
-~ KCRETACEOUS~LK- LOWER CRETACEOUS

,. O J- JURASSIC - )

TI •TRIASSICV 
=
5

DISTANCE (KM)

Fig. 6. Interpretative cross section along CDP Line 5 southeast of rape Cod across _-
the northeastern part of the Long Island platform (0 to 75 km distan-e) and the
southwestern end of the Georges Bank basin (75 to 175 km distance). Line 5 is
unique in that the top of oceanic basement can be clearly traced to a depth of 10

km at the axis of the East Coast Magnetic Anomaly (Grow and others, 1979). The

Moho configuration is based on gravity modeling (Grow and others, in press).

Clearly, the drilling presently underway in the of probable Triassic and Jurassic age. Extensions
Baltimore Canyon Trough (Fig. 4) and the Southeast of these basins seaward and the presence of other

Georgia Embayment will provide a more solid geo- buried Triassic and Jurassic(?) basins have been

logic basis for interpretations which now include inferred from magnetic and drillhole data. For
only the limited core data provided by two example, at Nantucket recent USGS drilling has _

Continental Offshore Stratigraphic Test (COST) revealed basalt flows at 459 m below sea level
wells, B-2 and GE-l (Fig. 1) (Smith and others, that haveaminimum age of 183 ±6 m.y. (Folger and

1976; Scholle, 1977) and from 39 shallow (~300 m) others, 1978). Similar basalts drilled by the

stratigraphic holes drilled between 1965 and 1976 USGS near Charleston, S.C., have been dated at
(Bunce and others, 1965; Hathaway and others, 1976; 162-204 m.y. (Gohn and others, 1978). The major
Poag, 1978). Data from the two COST wells drilled platforms of shallow pre-Jurassic continental

on Georges Bank (Fig. 1) have not been released crust along the margin border the syntectonic and

at the time of this writing and hence are not post-rift basins that are filled mainly with Heso- _

available for our interpretation. zoic sediments. These basins are, in order from

The major structural elements of basins, plat- north to south, the Georges Bank basin, the Balti- _

forms, and fracture zones for the Atlantic conti- more Canyon Trough, the Carolina trough, and the

nental margin (Klitgord and Behrendt, 1979) are Blake Plateau basin (Fig. 4).

summarized in Figure 4. In solid black are basins The seaward margin of the Mesozoic shelf basins
that contain exposed red beds and volcanic rocks north of 32*N latitude (Fig. 4) is marked by the
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Fig. 7. Isopach map of total sediment overlying basement in the
Georges Bank area based on CDP seismic data
(from Schlee and others, 1977).

East Coast Magnetic Anomaly (Klitgord and Behrend4 the edge of continental crust, which resulted
1979). Most authors (Sheridan, 1974; Mayhew, 1974; from the initial rifting of North America from
Rabinowitz, 1974; Schlee and others, 1976; Grow Africa in Early Jurassic, were propagated in the
and Schlee, 1976; Grow and others, 1978) believe oceanic crust as transform faults which are now
that beneath the shelf basins, basement is composed preserved in the offshore fracture zone pattern.
of faulted and thinned blocks of continental(?) A 10-mgal gravity anomaly map (Fig. 5) of the U.
crust. Seaward of the ECMA, the seismic-reflecti S. Atlantic margin has been prepared from recent
and refraction data and long lineated magnetic 0. S. Navy and USGS data (Fig. 3) supplemented by
anomalies indicate typical oceanic crust (Mayhew, earlier data, mainly from the Lamont-Doherty Geo-
1974; Schlee and others, 1976; Klitgord and Beh- logical Observatory of Columbia University and the
rendt, 1977; Sheridvn and others, in press). In Woods Hole Oceanographic Institution (Grow and
general, the seismic data indicate a greater depth others, in press). The most prominent free-air
to basement on the landward side of the ECHA than gravity anomalies at continental margins are
on the seaward side. Numerous >10-km magnetic usually positive along the Shelf edge and negative
depth estimates just landward of the ECMA and a along the base of the Slope. This is due largely
set of 6-8 km depth estimates along the ECMA to the edge effects of the changing topography and
suggest a basement high in the region. The sus- changing depth to the crust-mantle boundary. How-ceptibility contrasts associated with the shallow ever, free-air values change significantly along
(6-8kn)depth estimates suggest that their source is the length of the U. S. margin and correlate with
most likely a basement high with a susceptibility transitions between shelf basins and platforms and
contrast >10 X 10-4 (C.G.S. units) associated with with fracture zones mapped in the oceanic crust
the landward edge of this oceanic ceust. The (Fig. 4).
seismic profiles usually do not show coherent The major shelf basins (Fig. 4) are characterized
reflections deeper than 3-6 km in the vicinity of by broad, free-air anomaly gravity lows, usually
the magnetic basement high; but in most cases above ranging from 0 to -30 mgal. Areas such as the Capethese highs, a disturbed, acoustically-incoherent Cod and Cape Hatteras parts of the Long Island and
zone has been interpreted as carbonate rocks Carolina platforms are characterized by positive
(Schlee and others, 1976; Grow and others, 1978). free-air anomalies, usually between 0 and +30 mgal.
On the other hand, reflections off oceanic basement The free-air anomaly minimum along the base of
can usually be detected to within 50 to 75 km of the Continental Slope changes abruptly at several
the ECMA; for example, on CDP Line S off Cape Cod locations along the margin. In some cases the
(Figs. I and 6), oceanic basement was traced to the free-air positive of the Shelf edge and the nega-

ECHA where it terminates at a depth of about 10 tive along the Slope both increase or decrease by
km (Grow and others, 1979). Thus the ECMA marks 20-30 mgal along strike over a distance of 50 Ion.the seaward margin of the Mesozoic basins and The most impressive examples of these abrupt aprobably the landwarl margin of the oceanic crust, transitions are at the Blake Spur fracture zone, 0The orientation of Zracture zones (Fig. 4) has east of Cape Hatteras, near Norfolk Canyon, off a
been determined frow the offsets of sea floor Delaware Bay, and south of Cape Cod. The change rspreading anomalies seaward of the Mesozoic quiet in free-air anomaly values along strike reflects, a
zone (Schouten and Klitgord, 1977) and the projec- in part, significant differences in width and
tion of these fracture zones across the Jurassic depth of the sedimentary basins and the depth of Zquiet zone using the basement relief which clearly Hoho underlying the crustal blocks. The fact that
marks the trends of the fracture zones (Klitgord these abrupt transitions of the Shelf edge positive
and Schouten, 1977). The horizontal offsets in and the Slope minimums are often concurrent, and B.
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Fig. 8. Depth to basement in the Georges Bank basin based on magnetic depth-to-basement estimates
(from Klitgord and Behrendt, 1979).

the fact that they correlate with the early oceanic tors. We infer facies changes from the interval
fracture zones suggest that both the basin distri- velocities, from extrapolation of bore hole data,
bution and the fracture zones are related to the and from exposures on land, i.e., Triassic basins.
adjacent continental and transitional crustal The sediment/basement interface is derived from
blocks beneath the Shelf. A more detailed discuss- CDP, magnetic, and gravity data. The oceanic
ion of the free air anomalies, isostatic anomaly crustal layer and mantle boundaries have been
profiles, and several two-dimensional gravity determined by seismic refraction data near CDP
models along multichannel seismic Lines 5 and 6 Lines 2 and 6 off New Jersey (Sheridan and others,
are given by Grow and others (in press). in press). The depth to Moho inferred along CDP
The integration of all our geophysical data is Lines 5, 6, and IPOD are in agreement with gravity

depicted in schematics of the crust across the models off Cape Cod and Cape Hatteras (Grow and
Atlantic continental margin (Grow and others, 1979) others, 1979). ____

and is illustrated by Figure 6. The computations
for isostatic anomalies shown in this figure Georges Bank Basin
include an assumed water layer density of 1.03 g/cc ISE

and a crustal density of 2.7 g/cc, a mantle density The structural complexity of the basement under-
of 3.3 g/cc, and a depth of compensation of 30 km lying Georges Bank is revealed by an isopach map of
at the shoreline. We have ignored sediment cor- total sediment thickness based on CDP data (Fig. 7; __

rections which Rabinowitz suggests (1974) are small from Schlee and others, 1977) and a depth-to- __

and do not change the isostatic anomaly greatly. magnetic-basement map (Fig. 8; from Klitgord and
The stratigraphic system and series boundaries Behrendt, 1979). On CDP profiles, acoustic base-

shown within the sedimentary rocks are based on ment is lost near the Shelf edge, but the magnetic sm
tentative correlations with bore holes to the data indicate that the basement ridge present -_
south (COST B-2) and to the north (Shell-Mohawk beneath the ECMA is as shallow as -6 km below sea
B-93, Fig. 1), and on the character of the reflec- level seaward of the basin axis. Within Georges _ _
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Fig. 9. Cross sections showing seismic interval velocities for CDP seismic Line 1 across the Georges Bank
basin (modified from Schlee and others, 1976).

Bank basin, coherent seismic reflectors can be seen platform probably is of Middle Jurassic to Early
only to depths of 7 km (Schlee and others, 1976), Cretaceous age (Schlee and others, 1976; Uchupi
but weak reflectors below 7 km combined with magne- anO others, 1977; Ryan and others, 1978; Poag,
tic depth solutions indicate that the sedimentary 1'78). The 5.6-5.9 km/s interval velocity layer
rocks within the Triassic grabens may extend to a indicates that massive carbonate deposits extended
depth of 10 to 12 km. Sediments thin to the north- across all of Georges Bank during Middle Jurassic
east over block-faulted basement that rise to form time; but the 5.2 km/s zone indicates that carbon-
the La Have platform. To the northwest, thinning ate deposits were restricted to the Shelf 2dge
occurs in a somewhat simpler manner on the Long during Late Jurassic and Early Cretaceous cime.
Island platform. The section is underlain by probable Triassic and
Interpretations of CDP Line 1 (Figs. I and 9) Lower Jurassic red beds and volcanic rocks, and is

across the Georges Bank basin suggests that velo- overlain by a prism of post-Jurassic clastic rocks
cities increase laterally (in a seaward direction) that is as much as 3-km thick (7-10 km deep?).
as well as vertically as depth increases. Near- Thus, the section is similar to, but much thicker
shore, velocities increase with depth from 1.9 km/s than, the one penetrated by the Shell-Mohawk well
(typical of poorly consolidated sand and shales) on the La Have platform (Figs. I and 4).
to 4.1 km/s (typical of consolidated sands and
shales. In the basin, thoy increase from 2.05 kmls Long Island Platform
(typical of consolidated sands, shales, and carbo-
nate rocks) in the upper kilometer to 5.9 km/s at The Long Island platform (Fig. 4) is one of
depth (typical of indurated limestones or dolo- several regions of shallow continental crust buried
mites). Seismic rafraction data near the seaward by only a thin layer of sediments and which lie
edge of Georges Bank alsc reveal velocities of 5.0 just landward of the sediment basins. The inter-
km/s at depths of 1.8 km (Drake and others, 1959; pretive section for CDP Line 5 (Fig. 6) crosses
Jaworski and others, 1976). Reflectors along this the northeastern end of the Long Island platform.
line are diffuse at the Shelf edge and cannot be Isostatic anomalies along the line of section are E
traced under the upper Slope. On the basis of low and imply isostatic equilibrium. We infer
these velocities, limited dredge data (Verrill, that the thin sediment cover on the landward part
1878; Agassiz, 1888; Cushman, 1936; Stetson, 1936, of the profile lies upon nearly normal continental
1949), and submersible observations (Ryan and crust, whereas farther seaward, at aistances of
others, 1978), a lithostratigraphic section has 100-170 km from the coast (Fig. 6), the continental
been constructed (Fig. 10). crust underlying the outer shelf sediments thins

We have interpreted the high velocities near the gradually to less than 15 km near the ECA (Grow
Shelf edge as representative of a carbonate bank and others, in press).
or reef similar to the one described by Jansa and The top of oceanic crust can be traced clearly
Wade (1975) and by Given (1977) to the north under beneath the Continental Rise to a depth of 10 km
the Scotian Shelf, and also inferred off northwest directly beneath the axis of the ECHA (Grow and
Africa (Bhat and others, 1975). The carbonate others, 1979). The rise of oceanic basement to a
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NW CENOZOIC SEDIMENTS SE 7 and 12). The configuration of basement based on
0 40 80km magnetic data for the Baltimore Canyon Trough (Fi&

SALEVEL-. O O" 13) closely resembles that configmuatien of base-
WATER ment determined from seisaic data, but is more

S--- BOTTM detailed because the magnetic coverage is denser.

L -- E The axis of the trough extends from the Shelf off
1 1-0 -- 'n Long Island almost to Eie mouth of Chesapeake Bay.O -'P,

n ; - 4 Average axial sediment thickness is 10-12 km. Only
_0 the mafic intrusion breaks the continuity of this

0 deep axial depression. The two diagrammatic cross
S20 6 6 sections of USGS Lines 2 and 6 (Figs. 11 and 14)

0. characterize the sedimentary and crustal structure
Ld 2 across the widest part of the Baltimore Canyon

CRS Trough. Seismic Line 2 (Fig. 11) crosses the
31 RED BEDS(?) basin where it is widest (150 km) and deepest,

VERTICAL EXAGGERATION '151 containing as much as 14 km of sediment. Block-

Fig. 10. Cross section showing a thick section of faulted and thinned continental or transitional
Jurassic and Cretaceous sediment overlying Triassic crust has been inferred beneath the Continental
and Jurassic red beds(?) and faulted crystalline Shelf as far seaward as the ECMA. The ridge in
basement (from Schlee, 1978b). magnetic basement that forms the seaward edge of

the basin rises to an average depth of about 8 km

depth of 8 km is inferred from the magnetic depth- and, in places, comes to within -6 km of sea level.

to-basement estimates (Klitgord and Behrendt, 1979 The nonmagnetic diapir projected from 16 km
This seismic line establishes the clearest correl- south of the line of section, interpreted here as
ation between the most landward identifiable salt, shows that lower Mesozoic evaporite deposits
oceanic basement and the axis of the high magnetic may pierce the overlying carbonate and elastic
anomaly (600 nT) that characterizes the E0c1A. This section (Grow and others, 1979). Some strong
line also defines one of the narrowest zones (70 reflectors on CDP profile 2 at a depth of 12 km
km) of thin continental crust (transitional crust) may be due to interbedded evaporite and carbonate
presently known along the margin, deposits. Possible additional evidence for the

presence of evaporite deposits in the area was
Baltimore Canyon Trough reported by Manheim and Hall (1976): hypersaline

A diagrammatic cross section (Fig. 11) along CDP (55 64 brines were reported from a depth of 1700 m
Line 2 (Fig. 1) suggests that the northern part of in ASP holes 15 and 17 off New Jersey. They
the Baltimore Canyon Trough is probably built estimated that saturated brines should exist 3-4 Im
across a zone of rifted, thinned, contii.ental below bottom, possibly associated with salt
crust (or transitional crust) that lies landward of diapirs. In addition, off northwest Africa,
the thickened edge of oceanic crust (source of the Aptian and Albian marls with barite were found at
ECMA). The sediments that fill the trough have DSDP Site 369; Lancelot and others (1972) suggeted
been penetrated and uplifted by a mafic intrusion that the barite indicated upward migration of
of probable Early Cretaceous Pge; uplift and com- solutions from Jurassic evaporite deposits. Thus,
paction of strata over this feature have created as suggested by Evans (1978), the accumulation of

possible structures for hydrocarbon accumulations evaporites may have been common during initial

(Schlee and others, 1977). Also present is at rifting stages of continenta because shallow seas

least one salt(?) diapir (see Line 14, Fig. 1) pro- wt-e restricted from open ocean waters. The depth
jected into the line of section (Fig. 11) from 16 of the rift floor and early spreading center is
km south of Line 2. The top of oceanic basement not known, but it may have been shallow similar to

beneath the ECMA has been defined at 7-8 km depth that of the East African rift system or the Afar.

by magnetic depth-to-source estimates and is over- The top of oceanic basement Layer 2 has been

lain by a reef or carbonate bank complex which established on the basis of magnetic depth-to-

developed during the Jurassic and Early Creta- basement estimates. Our interpretation that

ceous. This region over the magnetic basement oceanic crust is thickest under the ECMA is compat-

high is the second major area of interest for ible with the suggestion of Rabinowitz and LeBreque

hydrocarbon accumulation and the site of gas (1976) that abnormally thick ocean crust may be

discoveries. The present shelf edge is about 20Ian typical of initial rifting stages of sea floor

landward of the Cretaceous shelf edge; this change spreading.
probably resulted mainly from the erosion associ- CDP Line 6 (Fib. 14) crosses the Baltimore Canyon

ated with the major sea level lowering during the Trough south of its widest part and is not compli -

Oligocene (Vail and others, 1977) and subsequent cated by the presence of the mafic intrusion.

redeposition (Grow and others, 1979). The config- Several diapirs have been inferred here as welt as

uration of the basement beneath the Baltimore a carbonate-bank buildup over the oceanic basement .

Canyon Trough based on CDP seismic data is simpler The section is compatible with gravity models and

than that beneath the Georges Bank (compare Figs. shows a wide zone in which thick oceanic crust
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the widest part of the Baltimore Ca .on Trough (from Grow and others,
1979).

,extends nearly 80 km seaward of the EcHA (Grow little change in the Shelf edge location took
and others, in press). place during this time. However, all the profiles
A seismic refraction profile by Ewing and Ewing show retreat of the Shelf edge by 20-30 km during

(1959) plus two of our refraction profiles close the Tertiary. According to Vail and others (1977,
to CDP Line6 (Grow and Schlee, 1976) indicate that Pt. 4, Fig. 2), many sea level lowerings took
a 7.1-7.2 km/s refracting horizon (thought to be place during Mesozoic and Cenozoic time and have
the top of oceanic crustal Layer 3B) dips landward left important unconformities along continental
from a depth of 13 km beneath the Continental Rise margins. Among them, the late Olgocene lowering
to a depth of 16 km under the Shelf edge was perhaps the greatest and is inferred to have
(Sheridan and others, in press). One of these caused much of the change in Shelf edge location
refraction profiles indicated that the Mobo is at depicted on these cross sections (Grow and others,
18-22 km and dips to the northeast. Although no 1979). Several other major acousticunits delin-
refraction measurements have yet delineated the eated in the Balt~.more Canyon Trough and in the
crustal section beneath the middle Shelf, a gravity Georges Bank basin are bounded by unconformities
m odel along Line 6 suggests that thinned conti- whose ages, based on the work of Vail and others
nental crust (transitional cruast) 12-cm to 15-km (1977) and correlation wit.h strata penetrated in
thick underlies the main sedimentary basins in the wells, are inferred to be late Miocene, late Olh-Baltimore Canyon Trough region (Grow and others, gocene, early Paleocene, Coniacian, Albian, Late
in press). Jurassic, and Early Jurassic in age.

-The Continental Shelf edge crossed by both In Figure 11 we have drawn the main carbonate
Profiles 2 and 6 apparently prograded 40-50 km bank or reef mass close to the area of th~ckened
seaward over oceanic crust during Jurassic and oceanic basement reflected by the ECHA. L'hether
Early Cretaceous tune whereas to the north, off the initiation of carbonate accumulation tookCape Cod, and to the south, off Cape Hatteras, place directly on basement, on salt that overlay
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the basement high, or at some later stage over 1955). Of key importance is the relationship
other sediments cannot be deduced with available between wrater depth and basement ph-.siography. If
data. If coastal shelves of the Red Sea are anal- the basement high during early rift ing stages pro-

agous models, then carbonate deposits could jected into sufficiently shallow wcter, given the
directly overlie basalts and older sediments (Ross proper temperature, salinity, and -urbidity condi-

and Schlee, 1973) and reef buildups could be tions, carbonate bank growth might have started;

j expected (Carella and Scarpa, 1962; Guilcher, if it did, subsidence during the Juzrassic and Early
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Fig. 13. Depth to basement in the Baltimore Canyon Trough based on magnetic depth-to-source
estimates (from Klitgord and Behrendt* 1979).
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